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Meet the Humaoid Android That's Changing
Robotics — Clone Robotics

October 28, 2024

Clone Robotics has unveiled a pioneering humanoid torso that sets a new standard in
robotics. This innovation centers on using artificial muscles to replicate human-like
movements, marking a significant step forward in creating robots that move with
natural fluidity and precision. By integrating advanced technologies, Clone Robotics is
transforming the boundaries of realistic humanoid robotics.

This development offers a glimpse into a fast-approaching world where robots move
with the grace and fluidity of a human dancer, making their motions so natural that you
might mistake them for one of us. This isn’t a scene from a sci-fi movie; it's the

reality Clone Robotics is bringing to life with their latest creation—a humanoid torso
equipped with artificial muscles.

Unlike traditional robots with rigid, mechanical movements, these innovations mimic
the subtlety and precision of human motion, opening a realm of possibilities once
thought out of reach. From assisting in delicate medical procedures to performing
intricate assembly tasks, these robots are poised to redefine how we interact with
technology.



https://www.geeky-gadgets.com/engine-ai-humanoid-robot/

Clone Robotics

Central to this development is the use of artificial muscles, a fantastic option in the field
of robotics. Unlike traditional motors, these muscles provide biomimetic accuracy,
allowing for smoother, more flexible movements. This level of finesse enables robots to
perform tasks that were previously unattainable, making them ideal for applications
ranging from advanced prosthetics to realistic animatronics. But the true potential lies
in the future these innovations promise. As Clone Robotics continues pushing the
boundaries of possibility, we stand on the brink of an era where robots not only work
alongside us but do so with a human-like touch.

TL;DR Key Takeaways :

. Clone Robotics has developed a groundbreaking humanoid torso
that uses artificial muscles to replicate human-like movements,
setting a new standard in robotics.

. The artificial muscles replace traditional motors, allowing for
smoother, more flexible movements and enhancing the robot's
precision in task execution. This opens new possibilities in
prosthetics and teleoperation.

. The humanoid torso features bimanual capabilities, enabling the
simultaneous use of both arms, which significantly boosts the
robot’s functionality and allows it to perform complex tasks
requiring coordination and dexterity.

. The robot’s advanced joint design, including actuated elbows, a
cervical spine, and anthropomorphic shoulders, offers a wide
range of motion and contributes to the robot’s realism, making it
suitable for applications requiring precise and adaptable motion.

. Clone Robotics uses a sophisticated valve matrix system to
manage the artificial muscles, reducing the need for bulky
equipment and enhancing the robot’s responsiveness and agility.
The robot operates at a peak power of 200 watts and is powered
by water, emphasizing energy efficiency and reducing
environmental impact.

Artificial Muscles: The Core of Biomimetic Motion

At the heart of this breakthrough are artificial muscles, which replace conventional
motors to deliver smoother, more flexible movements. Unlike traditional robotic
systems, these muscles emulate human muscle function, allowing for nuanced and



lifelike motion. This advancement not only enhances the robot’s precision in task
execution but also opens up new possibilities in fields such as:

o Advanced prosthetics

o Teleoperation systems

e Human-robot interaction research

o Realistic animatronics for entertainment

The artificial muscles provide a level of biomimetic accuracy that was previously
unattainable with traditional robotics, offering a more natural and intuitive interaction
between humans and machines.

Bimanual Capabilities: Enhancing Functionality and
Dexterity

The humanoid torso features sophisticated bimanual capabilities, allowing the
simultaneous and coordinated use of both arms. This significantly expands the robot’s
functionality, allowing it to perform complex tasks that require high levels of
coordination and dexterity. The ability to effectively use both arms is crucial for
achieving human-like performance in various scenarios, such as:

« Manipulating delicate objects

o Performing intricate assembly operations
« Assisting in medical procedures

» Conducting precise scientific experiments

This bimanual design brings the robot closer to replicating human capabilities, making
it suitable for applications where two-handed operations are essential.

New Superintelligent Androids

Advanced Joint Design: Expanding Range of Motion

A standout feature of Clone Robotics’ android is its advanced joint design. Equipped
with actuated elbows, a cervical spine, and anthropomorphic shoulders, it offers a range
of motion that closely mimics human anatomy. This design not only enhances
movement capabilities but also contributes to the robot’s overall realism.

The biomechanical accuracy of the joints allows for:

o More natural and fluid movements
» Increased adaptability to various tasks



o Better interaction with human environments
o Enhanced performance in teleoperation scenarios

The advanced joint system enables the robot to navigate complex environments and
perform tasks with a level of agility previously unseen in humanoid robotics.

Valve Matrix System: Streamlining Control and Efficiency

To manage the artificial muscles effectively, Clone Robotics employs a sophisticated
valve matrix system. This innovative approach reduces the need for bulky equipment,
resulting in a more compact and efficient robot design. The valve matrix system offers
several advantages:

« Enhanced responsiveness and agility

« Improved control over individual muscle groups

o Reduced overall weight and size of the robot

« Increased energy efficiency

By streamlining control, the valve matrix system further supports the robot’s ability to
produce human-like movements, making it more adaptable to various applications and
environments.

Energy Efficiency and Environmental Considerations

Clone Robotics has placed a strong emphasis on energy efficiency in their android
design. Operating at a peak power of just 200 watts and powered by water, the robot is
both clean and safe to operate. This focus on energy efficiency offers several benefits:

o Reduced environmental impact

o Lower operational costs

« Increased runtime on portable power sources

« Safer operation in various settings

The use of water as a power source not only makes the robot more environmentally
friendly but also opens up possibilities for its use in sensitive environments where
traditional power sources might be problematic.

Future Applications and Ongoing Development

The potential applications for Clone Robotics’ technology are extensive and diverse.
From advanced prosthetic limbs with enhanced functionality to sophisticated
teleoperation systems requiring precise control, the possibilities are far-reaching. The
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company is also exploring the development of musculoskeletal superintelligent
androids, aiming to expand the range of tasks these robots can perform.

As the technology continues to evolve, we can expect to see advancements in areas
such as:

o More realistic and responsive robotic hands

e Full-body humanoid robots with enhanced mobility

« Integration of artificial intelligence for autonomous operation
« Improved human-robot collaboration in various industries

Clone Robotics’ humanoid torso represents a significant leap forward in the field of
humanoid robotics. By using artificial muscles and innovative control systems, the
company is paving the way for more realistic and capable robots that can seamlessly
integrate into various aspects of human life. As research and development in this area
continue, we can anticipate even more exciting innovations that will further blur the line
between human and machine capabilities.



https://www.clonerobotics.com/

Meet EngineAl All-new Robotics SEO1,
Successfully Overcomes the Challenge of
Natural Gait in Humanoid Robots for the
First Time

ENGINEAI ROBOTICS TECHNOLOGY

October 25, 2024
ENGINERAI

ENGINEAI ROBOTICS TECHNOLOGY

Shenzhen, China, Oct. 25, 2024 (GLOBE NEWSWIRE) -- On October 24, 2024, Shenzhen
EngineAl Robotics| grandly launched its first full-size humanoid robot, SE01, worldwide. With its
unique technological innovations and design aesthetics, it has redefined the standards in the field of
humanoid robotics, sparking widespread industry discussion about new possibilities in future human-
machine interaction.



https://www.globenewswire.com/Tracker?data=Kx0xzDtTOS7vOg5tp0P4J7rPemtoH9_woucrgxSPoFZ4PpDTEdqw45llJABUodC-Q4svLPw7hhtfygMSCSQZ-T0XIDnV9dKzpaetmMM3HS8=
https://www.globenewswire.com/Tracker?data=Kx0xzDtTOS7vOg5tp0P4J7rPemtoH9_woucrgxSPoFZ4PpDTEdqw45llJABUodC-Q4svLPw7hhtfygMSCSQZ-T0XIDnV9dKzpaetmMM3HS8=
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One of the standout features of the SEO1 is its cutting-edge end-to-end neural network solution. This
technological breakthrough has conquered the long-standing challenge in the development of
humanoid robots—natural gait. This allows SEOQ1 to exhibit unprecedented elegance and energy
efficiency in both stationary and dynamic states, significantly narrowing the behavioral gap between
robots and humans. It completely overturns the stereotype of robots taking “choppy steps, bent
knees, and stomping,” enabling the robot to walk with smooth, swift, and fluid strides.
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ENGINEAI SE013:#8

SEO01’s outstanding gait performance is attributed to EngineAl team’s exquisite technology and
meticulous product design. The team independently developed an integrated harmonic joint module
and significantly enhanced the robot’s flexibility and intelligence by combining reinforcement learning
and imitation learning in its motion control solutions. This enables SEQ1 to achieve a natural, human-
like gait, marking a new milestone in the evolution of machine intelligence.
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SEOI-THEM=-1

In terms of hardware configuration, SEO1 is equipped with dual processors from NVIDIA and Intel,
as well as three sets of high-precision stereo cameras, forming an advanced visual neural network
system. The collaboration of these cutting-edge devices gives SE01 excellent visual perception and
analysis capabilities in complex environments. Coupled with its high-performance processing chips,
SEO1 is not only suitable for research and education fields but also performs well in complex
industrial scenarios.

In product design, SEO1 uses aerospace-grade aluminum alloy, making the body both sturdy and
lightweight, and significantly enhancing the mechanical structure’s lifespan. Additionally, the team
achieved smooth and natural movement without relying on traditional six-dimensional force sensors
and planetary roller screw actuators. This design significantly increases the product’s reliability while
controlling costs.

EngineAl Robotics’ founder and CEO, Zhao Tongyang, pointed out that the launch of SEO1 is not
only a major technological advancement but also represents a fusion of technology and art. He
stated, “Our goal is to make robotics technology truly serve humanity, and through continuous
deepening of technological innovation and market expansion, we aim to bring embodied intelligent
robots into every aspect of life.”




Alpha: Water-powered humanoid robot with
synthetic organs, muscles unveiled

Alpha: Water-powered humanoid robot with synthetic organs, muscles unveiled

Striving to stand out in the competitive humanoid robotics market, Polish-frim
Clone Robotics has unveiled its first full-scale humanoid robot, Clone Alpha.

The humanoid integrates synthetic organs and artificial muscles, replicating
skeletal, muscular, vascular, and nervous functions.

Clone’s muscular system uses Myofiber, an artificial muscle technology
introduced by the firm in 2021, to move its skeleton. It works by attaching
muscles to precise points on the bones, just like in real animals.

Clone Robotics is now accepting preorders for the first 279 units of its humanoid
robot, Clone Alpha.

Last month, the company revealed its latest innovation: a humanoid torso with
human-like movements.
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Biomimetic robotics

While companies like Tesla develop bots for household tasks, Clone Robotics
focuses on biomimetic robotics. Founded in 2021, it aims to replicate the
strength and dexterity of biological beings, tackling the complex challenge of
mimicking the human body

The firm started by creating a robotic hand with artificial bones and muscles,
designed to mimic human functionality. Its thumb rotates and can even catch a
ball with ease. Building on this, the company developed a humanoid torso with
lifelike features, including a movable elbow, cervical spine, and realistic shoulder
joints.

Rather than designing movements around its robotic structure, Clone first
replicated human anatomy and then enabled natural motion using artificial
muscles. The result is strikingly realistic—almost uncanny in its resemblance to
the human body.

Building on its expertise, Clone Robotics has now developed a humanoid
designed to walk naturally. This is achieved through Clone’s move from rigid
actuators to soft, water-powered artificial muscles, aiming for more human-like
movement.

Advanced artificial muscles

Clone Robotics plans to advance humanoid robotics with its artificial muscle
technology, Myofiber. It animates the skeleton by attaching musculotendon units
to anatomically precise points on the bones.

These monolithic units eliminate tendon failures and mimic the desirable traits of
mammalian skeletal muscles, such as a response time under 50ms, over 30
percent unloaded contraction, and at least 2.2 pounds (1 kilogram) of contraction
force for a 3-gram muscle fiber.

According to the firm, Myofiber is the only artificial muscle capable of achieving
such power, speed, and efficiency.
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The Clone's skeleton includes all 206 bones of the human body, with minor bone
fusions, and features fully articulated joints, artificial ligaments, and connective
tissues.

With precise ligament and tendon placement, the android achieves 164 degrees
of freedom in its upper torso, including the shoulder with 20 degrees of freedom,
the spine with 6 degrees per vertebra, and 26 degrees in the hand, wrist, and
elbow.

The nervous system allows instantaneous control over the muscles with
proprioceptive and visual feedback. The Clone is equipped with 4 depth cameras,
70 inertial sensors for joint-level feedback, and 320 pressure sensors for muscle
force feedback. These are linked to microcontrollers that send data to the NVIDIA
Jetson Thor GPU running Clone’s Cybernet model.

The Clone's vascular system is powered by a compact, 500-watt electric pump
resembling the human heart, delivering 40 SLPM at 100 psi. Its Aquajet valve
technology operates under 1 watt of power, providing efficient hydraulic pressure
to the muscles in a miniaturized design.

Impressive as it may seem on paper, Clone Robotics has yet to demonstrate a
fully functional Alpha robot. While components show promise, successfully
scaling from prototypes to complete humanoids will be a key test of their
biomimetic approach.
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NEO

Excels in industrial tasks

NEO is a humanoid with a wide range of capabilities. It excels in industrial
tasks in sectors like security, logistics, manufacturing, operating machinery,
and handling complex tasks. In the long term, we envision NEO providing
valuable home assistance and performing chores like cleaning or organizing.

Muscle-like anatomy, can run, jog

If support is needed, a remote human operator can quickly take over NEO's
vision and movement. NEO's body is engineered with muscle-like anatomy
instead of rigid hydraulics, so it's strong and gentle like humans. NEO can
walk, jog, climb stairs, and navigate your space naturally. As they move and
perform tasks, they get even more efficient.

Helping the robotics community

1X is investigating how NEO can support individuals with mobility challenges
by fetching items and providing companionship. NEO’s potential extends to
research, helping the robotics community explore fields like psychology and
artificial intelligence. With NEO'’s continuous evolution, the possibilities for
assistance, productivity, and learning are boundless.

High load carrying capacity

NEO is 5.41 feet long, and it weighs 66 pounds. The walk speed of the robot is
2.5 miles/hour with a 7.5 miles/hour run speed. It has a 44-pound carry
capacity with a 2-4 hour run time. NEO is designed to be an all-purpose
humanoid assistant to your daily life. That means NEO can take on many
common tasks, whether helping you around the house, completing chores, or
running errands.
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Modeled after a human

Humanoids are made to look like humans for different reasons. Firstly, humans
are flexible and can move around in various ways. By copying the shape and
movements, 1X's robots can do complex tasks and get around easily.
Secondly, humans are good at understanding each other without words, like
using expressions and gestures. When robots look like humans, they can use
these familiar ways to communicate and work with humans.

Powered with Al

Using embodied artificial intelligence, NEO will understand its environment
deeply, thanks to the fusion of its Al “senses” and physical body. NEO
continuously learns and improves, becoming smarter and more capable over

time.Human-android interaction

The more humans interact within themselves, the more natural and intuitive
navigating life with NEO will feel. NEO will understand their own environment
and how to handle fragile items, creating seamless collaboration and
immersive human-android interaction.
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Humanoid robots have long been a staple of science fiction, but there is

now real progress being made. A range of new models made by or backed by the
likes of Boston Dynamics, Tesla and OpenAl are able to walk and move like
humans, as well as perform feats of agility and dexterity.

But it's the ability to incorporate artificial intelligence (Al) into these humanoid
robots that could truly allow them to make the leap into everyday life. Al-enabled
"brains" could help dramatically improve the ways that humanoid robots interact
with humans and the outside world. This would give humanoid robots their
"iPhone moment," meaning they break through into the market in a big way.

Large language models, the technology behind Al chatbots like OpenAl's
ChatGPT, have shown they are good at learning from the vast amounts of data
they are fed with and are good at selecting the right information and using it to
reason with. They are the key to something called "embodied intelligence."

Embodied intelligence refers to the integration of cognitive processes with
physical actions, a bit like how our brains control our limbs. The aim of embodied
intelligence is to enable robots to interact with the world in a similar manner to
humans. This concept relies on large language models and visual Al systems to
help computers make sense of objects in videos and pictures.

It establishes a machine logic about the relationships between the observer and
the objects, and helps the robot understand how interactions could happen
between them. LLMs alone wouldn't be acting as the robot's "brain" necessarily,
but the technology could help improve how they generally interact with the
world.

A good example is an Al system built by Google called PaLM-E. Engineers behind
the development of PaLM-E trained it to directly ingest raw streams of robot
sensor data. The resulting Al system allowed the robot to learn very effectively.

This field is advancing so quickly that by the time | finish writing this article, a
new, innovative Al model or paradigm may be released. Advancements such as
PaLM-E infuse humanoids with visual-spatial intelligence, allowing them to make
sense of our world without requiring extensive programming.
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From factories to homes

The potential applications of humanoid robots are vast and varied. Early modern
research in humanoid robotics focused on developing robots to operate in
extreme environments that are dangerous and difficult for human operators to
access. These include Nasa's Valkyrie robot, designed for space exploration.
However, we will probably first see commercial humanoid robots deployed in
controlled environments such as manufacturing.

Robots such as Tesla's Optimus could revolutionize manufacturing and logistics
by performing tasks that require precision and endurance. They could work
alongside human employees, enhancing productivity and safety.

For example, in a factory, Optimus could handle hazardous materials, perform
quality control inspections, and assist in assembly processes. The new Boston
Dynamics Atlas2, announced a few months ago, already demonstrates some use
cases for use in factories, such as lifting and storing heavy components.

Beyond industrial applications, humanoid robots could also find a place in
households. Imagine a future where Optimus helps with daily chores, such as
cleaning, cooking, and even caring for the elderly.

Earlier this year, Stanford University's Aloha robot went viral on the internet for
demonstrating its ability to make Chinese food, load dishes into a dishwasher,
prepare beds, and put laundry into the wardrobe on its own. Eventually, we may
see humanoids deployed in more professional areas such as hospitals for care
roles or in public security, requiring professional domain knowledge and high
public acceptance.

Market viability

While the technological potential of humanoid robots is undeniable, the market
viability of such products remains uncertain. Several factors will influence their
acceptance and success, including cost, reliability, and public perception.
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Historically, the adoption of new technologies often faces hurdles related to
consumer trust and affordability. For Tesla's Optimus to succeed commercially, it
must not only prove its technical capabilities but also demonstrate tangible
benefits that outweigh its costs.

There are ethical considerations too. For instance, who has access to all the data
collected by the robot as they interact with humans, sometimes in what could be
deeply private moments? There is also the potential for humanoid robots to

displace jobs, such as in the elderly care sector where they could have a key role.

These ethical factors will play a critical role in shaping public opinion and
regulatory frameworks. Science fiction author Isaac Asimov drafted Three Laws of
Robotics for humans to interact with robots effectively. In abridged form, they
stipulate that a robot may not injure a human being, that a robot must obey
orders given it by human beings and that a robot must protect its own existence
as long this doesn't clash with the first or second law.

These laws may still be relevant, as current debates extend beyond just humanoid
robots to include any high-level autonomous systems that could pose societal
risks and cybersecurity issues.

But it's important to remember that current Al is still far from the real intelligence
we are familiar with, so the scenarios depicted in movies like "Al: Artificial
Intelligence," directed by Steven Spielberg, or "I, Robot," starring Will Smith, are
unlikely to happen anytime soon.

We need experts from various fields, including robotics, ethics and economics, to
weigh in on the development of humanoid robots. Their insights will be crucial in
navigating the challenges and opportunities presented by the technology.

As we stand on the brink of this new technological frontier, it is essential to
consider not only what is possible but also what is desirable for our collective
future. Meanwhile, as | watch my garden's grass grow steadily upwards, all | can
think about is having a humanoid robot trim it—after it has made me a relaxing
cup of tea.
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Al could be the breakthrough that allows humanoid robots to jump from science fiction to reality© PsyPost

IMMORTAL ANDROID POWERED BY
A DIAMOND GRAPHITE BATTERY?

Scientists produce world's first carbon-14 diamond battery

with potential lifespan of thousands of years

Diamond battery sample. Credit: University of Bristol
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Scientists and engineers from the University of Bristol and the UK Atomic

Energy Authority (UKAEA) have successfully created the world's first carbon-14
diamond battery.

This new type of battery has the potential to power devices for thousands of
years, making it an incredibly long-lasting energy source. The battery leverages
the radioactive isotope, carbon-14, known for its use in radiocarbon dating, to
produce a diamond battery.

Several game-changing applications are possible. Bio-compatible diamond
batteries can be used in medical devices such as ocular implants, hearing aids,
and pacemakers, minimizing the need for replacements and distress to patients.

Diamond batteries could also be used in extreme environments—both in space
and on earth—where it is not practical to replace conventional batteries. The
batteries could power active radio frequency (RF) tags where there is a need to
identify and track devices either on Earth or in space, such as spacecraft or
payloads, for decades at a time, thus reducing costs and extending operational
lifespan.

Professor Tom Scott, Professor in Materials at the University of Bristol, said, "Our
micropower technology can support a whole range of important applications
from space technologies and security devices through to medical implants. We're
excited to be able to explore all of these possibilities, working with partners in
industry and research, over the next few years."

The carbon-14 diamond battery works by using the radioactive decay of carbon-
14, which has a half-life of 5,700 years, to generate low levels of power. It
functions similarly to solar panels, which convert light into electricity, but instead
of using light particles (photons), they capture fast-moving electrons from within
the diamond structure.
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"Diamond batteries offer a safe, sustainable way to provide continuous microwatt
levels of power. They are an emerging technology that use a manufactured
diamond to safely encase small amounts of carbon-14," said Sarah Clark, Director
of Tritium Fuel Cycle at UKAEA.

A team of scientists and engineers from both organizations worked together to
build a plasma deposition rig, a specialized apparatus used for growing the
diamond at UKAEA's Culham Campus.

This development is the result, in part, of UKAEA's work on fusion energy. The
expertise gained in fusion research is helping to accelerate innovation in related
technologies.

Provided by University of Bristol

Revolutionary Diamond Batteries Turn
Nuclear Waste into Millennia-Lasting Power

Researchers have developed a groundbreaking battery using radioactive

diamond technology that can generate electricity for thousands of years. By

repurposing radioactive waste, this innovative energy source offers consistent
power over millennia with minimal environmental impact. Though it produces
only small amounts of energy, its durability and potential applications make it
revolutionary.

Nuclear reactors use graphite, a form of carbon, to regulate radioactive reactions.
During this process, some of the graphite becomes radioactive and contains
carbon-14, a waste product that usually requires long-term storage. In diamond
battery production, the carbon-14 is extracted by heating the graphite, releasing
it as a gas. This gas is then converted into artificial diamonds under high pressure
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and temperature, creating a material capable of generating electricity through
beta radiation.

Safety Features and Radiation Shielding

Despite its use of radioactive material, the diamond battery is designed with
built-in safety measures. The outer layer of the battery consists of a non-
radioactive diamond shell, which effectively blocks harmful radiation. Since
carbon-14 emits only beta radiation, this shielding ensures that the battery is
completely safe for use in everyday applications. The continuous emission of
radiation within the diamond generates a steady electric current, making it an
ideal long-term power source.

Promising Applications for Long-Term Power

While the energy output of diamond batteries is small—roughly 15 joules per day
for one gram of carbon-14—it is sufficient for many specialized uses. These
batteries could power medical implants such as pacemakers and hearing aids,
eliminating the need for replacements. In space exploration, they could provide
reliable energy for satellites, drones, and probes operating in remote
environments for decades without maintenance. With over 95,000 tons of
radioactive graphite waste in the UK alone, there is no shortage of raw material
for production.

A Step Toward Sustainable Energy

Diamond batteries represent a breakthrough in sustainable energy technology,
turning nuclear waste into a practical power source. The potential for these
batteries to last thousands of years, as claimed by California-based company
NDB, highlights their long-term reliability. This innovation could pave the way for
more sustainable solutions in fields ranging from medicine to aerospace.

Diamond batteries offer an innovative way to repurpose nuclear waste into a
reliable, long-term energy source. Their potential to power medical devices,
space technology, and more highlights their versatility despite low-energy
output. This breakthrough underscores the importance of sustainable energy
solutions for addressing global challenges.
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28,000 Year Nuclear Waste Battery?
Diamond Batteries Explained

Given the relatively short lifespan, overheating, and battery cell supply issues of current battery
technologies, they can’t be used everywhere. Take satellites, high-altitude drones, healthcare, or
even spacecraft, all of which require energy storage with a very long life. But some companies
are claiming that diamond battery technology can kill two birds with one stone: creating energy
storage that could last for thousands of years by putting nuclear waste to use... potentially
powering everything from EVs to cellphones. Is this the holy grail of battery technology or hype;
and more importantly, is it safe? Let’s explore Nano Diamond Batteries and where this might be

going.

Modern life relies on mobile battery-powered devices: at work, at home, at school, and while
traveling. We need batteries for communication, transportation, storing energy from renewables
like solar and wind, you name it ... and it’s undeniable that lithium-ion batteries have opened up
a world of possibilities.

Even though we’ve seen significant progress with the lithium technology over the past few
decades, challenges such as overheating, expensive casings, short lifespan, and
underperformance in extreme temperatures still need to be overcome. So the quest for the holy
grail of batteries continues.

Aiming to reach carbon neutrality in the next few decades, batteries and renewable power
sources need to evolve alongside each other to solve this puzzle. The International Renewable
Energy Agency (IRENA) estimates that stationary battery storage will grow from only 2
gigawatts (GW) worldwide in 2017 to around 175 GW in 2030. But batteries aren’t the only way
to compensate for the intermittent operation of solar and wind. We also have nuclear power. !

Nuclear accounted for 10.3% of the world’s electricity generation in 2019. 2 It’s widely
considered to be a stable, carbon-friendly energy source that can be used to support the
intermittency of other renewables. But besides being expensive and having long construction
times, the unresolved problem of what to do with long-lived radioactive waste is crucial for its
development. There’s a lot of “not in my backyard” to that debate. If you’re interested, I have
an episode on Small Modular Reactors that gets into the future of nuclear power. As of today in
the U.S., there are 96 commercial nuclear power reactors currently operating, and more than
90,000 metric tons of highly radioactive nuclear waste, including spent fuel and other material. 2

Pulling together the challenges of conventional batteries and the problems derived from nuclear
waste, a new technology called Nano Diamond Battery Technology is being touted as an energy-
disruptive innovation.
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NDB, a California-based start-up made headlines when it announced that it completed two proof-
of-concept tests of its nano diamond battery, made from nuclear waste encased in artificial
diamond. But the root of this energy storage technology is known as betavolatics, which is
powered by beta decay and goes back to the 1950s.

In 1953, Paul Rappaport proposed the use of semiconductor materials to turn the energy from
beta decay into electricity. Unlike common electricity-generation technologies that utilize hydro
or wind turbines to spin copper coils within magnets to produce an electric current, betavoltaic
devices can generate current when placed close to a radioactive source.

Imagine placing a semiconductor material, like Silicon, in a box with Strontium-90, which is a
radioisotope produced from nuclear fission. It has a half-life of almost 30 years.* A
semiconductor material, like Silicon, can both act as an isolator or conductor depending on the
conditions it’s subjected to, like temperature, light, or electric current. It’s actually very similar
to how solar cells work when collecting solar radiation. In this case, the radioactive element
emits beta particles that separate electron and hole pairs in the semiconductor (holes collect on
the positive side and electrons collect on the negative side). Bridging the two sides allows the
electrons and holes to find each other resulting in an electric current ... in short, this turns
radiation into electricity. s ¢

Using this principle, in 2016, researchers from the University of Bristol unveiled the world’s first
known diamond nuclear battery, which is based on this betavoltaic concept. Tom Scott, Professor
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in Materials at the University of Bristol, described the advantages as the emission free, long-term
production of clean energy from nuclear waste.” ¢

A great portion of nuclear waste is graphite, which is used as a moderator and reflector in a
nuclear reactor. The graphite becomes radioactive over time because of its exposure to radiation.
And depending on the reactor type, the graphite blocks can be extremely large and heavy, as well
as irradiated with long-lived radioisotopes, which makes graphite expensive and tricky to dispose
of or recycle.

The reason why graphite is important here is that radioactive graphite contains Carbon-14 (C-
14), which turns into harmless Nitrogen-14, an anti-neutrino, and an energetic electron — aka a
beta-decay electron. But that’s already TMI ... I’m not going to turn this into a chemistry class.
I’d probably flunk it.

The idea behind the research from the University of Bristol is to manufacture batteries that can
harness this by-product of C-14 as energy. In its gas form at low pressure and elevated
temperatures, you can convert it into a radioactive diamond. Then for safety you encapsulate it
again in a non-radioactive diamond layer. So it’s a radioactive diamond ... in a diamond. Even
though the researchers say that only a small level of radioactivity is detected near their diamond,
would you really want to use a nuclear powered pacemaker inside your body? 1 it Actually ...
there were Plutonium powered pacemakers, but that’s a different video.

Even though we typically equate nuclear power to great amounts of energy being produced,
these betavoltaic batteries can only generate power in the range of microwatts, which is why
headlines and press releases about NDB batteries have been overselling it. This is not the future
of electric vehicles. If their breakthrough proves to be true, it has some potential ... for very
targeted scenarios.

The difference between the batteries from Bristol to NDB’s is in the layers of the encasing
diamond. While the researchers of Bristol used only a diamond layer to protect the radioactive
diamond, NDB combines multiple layers of paneled nano diamonds to protect the core. These
micro-sized single crystal diamonds are very good at conducting heat, so they move heat away
from the radioactive isotope materials so quickly that the transaction generates electricity.2 @

There are several concepts to ensure safety, but there’s still a lot of questions around this since
we haven’t seen any test results from the company yet. But a couple of those things are the
diamond encapsulator, which is the most thermally conductive and hardest material available, in
addition to containing the radiation within the device.

Next up is the Lock-in System, which helps to prevent proliferation of dangerous nuclear
isotopes like Pu-238 and U-232. According to NDB, their battery uses an ion implantation
mechanism that prevents it being used for purposes other than power generation. 5
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Besides these safety claims, the company says its technology has a maximum lifespan of 28,000
years and could one day become a source of low-carbon power for anything that needs it — from
Evs to smartphones. Although this technology looks awesome, it’s still highly questionable since
the power coming from betavoltaics is so low. Remember, microwatts low.

According to a report, the proof-of-concept design was evaluated by the Lawrence Livermore
National Laboratory, which reported a 40% charge improvement in efficiency over a standard
diamond. But I couldn’t find any information on how Lawrence Livermore National Laboratory
tested the proof-of-concept.

Most of the claims have no hard evidence or proof yet, other than what NDB has reported. NDB
doesn’t fully explain what happens to the heat it generates during energy conversion other than
to describe thermal vents to dissipate heat.

The company mentions several possible applications in their website like consumer electronics,
automotive, medical devices, aerospace, but we still don’t have precise specifications. Yet, an
image of the battery shows a power level of 100 microwatts.” It’s important to drive that point
home. It’s highly unlikely to power an electric vehicle, let alone an iPhone at microwatt scale.
But, it doesn’t mean the tech doesn’t work for more appropriate applications. If enough of these
battery cells were combined, they could power small LED displays or devices that require low
power, like medical or communication devices ... think internet of things (IOT) and pacemakers.
But powering Evs that demand an insane amount energy is where media coverage went a little
overboard.

So back in the land of reality where do the benefits of this technology make the most sense? And
is there a market for it?
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Well, the company hopes to start selling the battery to commercial partners, including space
agencies for long duration missions by 2023.

In addition, NDB isn’t alone in nuclear diamond battery game. The scientists at Bristol saw a
great opportunity in extracting and repurposing nuclear waste material, but without overselling it.
They spun off Arkenlight, a company formed to take on the commercialization of their diamond
battery concept. 2

Morgan Boardman, the new company’s CEO says:

“..Itis a very novel approach, which we find that people like because
it's sort of a cosmic rag-and-bone man narrative...” -Morgan Boardman

He also points out that the technology can help with the carbon emissions challenge:

“...With the resources used to manufacture, say, an AAA battery, we
would offset nearly 2.5kg of carbon in the manufacture of an
equivalent energy density of diamond batteries...” -Morgan Boardman

Unlike NDB, Arkenlight doesn’t claim that their batteries will power cars or even laptops. That’s
because they provide thousands of times less power than a conventional AA battery — although
they will last thousands of times longer. Arkenlight’s power cells would take about 5,000 years
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to reach 50% discharge. The company sees their batteries powering small detectors, wireless loT
devices/sensors or medical implants. £

It can be mechanically stacked in series or parallel for greater power, and can be paired with
capacitors for intermittent high power use cases. 2 2

In 2018, Bristol researchers did an interesting experiment to test out the strength and durability
of their diamond batteries, placing them at the top of a volcano. In the experiment, a prototype of
Arkenlight betavoltaics was used to power sensors inside a remote-monitoring station, known as
a ‘dragon egg.” The eggs were designed to be placed on an active volcano by drone in order to
measure humidity, vibrations, and the emissions of toxic gases. They could remain in service for
months without depleting their energy. 2

Arkenlight aims to establish a factory at one of the several decommissioned nuclear power plants
in the South West of England, or possibly North Wales. That way, the company has easy access
to carbon-14 isotopes for battery manufacturing. Boardman estimates that their carbon-14
batteries will begin appearing in devices around 2024 if everything goes well. 2

In terms of challenges, the use of radioactive material complicates matters, so manufacturing
them involves a significant amount of care and safety procedures you wouldn’t have with a
typical chemical battery. While the process is made safe, the safety infrastructure required to
produce it, and governmental permissions, come with big costs.

Even though the researchers from both Bristol University and NDB claim that nuclear batteries
have small or no radioactivity level due to the diamond containment, I’'m not sure if I’d feel
comfortable having a nuclear powered cellphone even if it was possible at this point. Putting
aside the overhyped headlines, there’s still some interesting promise and use cases for diamond
batteries ... even though they’re still in their theoretical phase. We’re going to need to wait a few
more years until NDB and Arkenlight have some real prototypes and solid results to call this one.
Not every battery technology has to be a lithium ion killer. It’s okay to have an exciting
breakthrough for a very targeted market, which is what this is.

World's First 5,700-Year-Lifespan Nuclear
Diamond Battery Revealed by UK
Researchers

The carbon-14 diamond battery generates electricity using the energy released
by the radioactive decay of carbon-14. This is a substance usually used in carbon
dating. It is enclosed inside a diamond, which is among the most durable
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materials on the planet. This safely contains the radiation while producing power.
Carbon-14 releases short-range radiation, which gets absorbed by the diamond
shell, assuring safety while producing small amounts of electricity. This
groundbreaking battery functions in a similar manner to solar panels, except
instead of converting light into power, it uses fast-moving electrons resulting
from radioactive decay.

The end result of this process is a long-lasting, dependable source of energy with
a phenomenal lifespan. Because carbon-14 has a half-life of 5,700 years,

the battery continues to retain half of its capacity even after thousands of years.
Diamond batteries provide a secure and environmentally friendly way to deliver
steady microwatt levels of power.

Potential Applications of the Diamond Battery

Among the most exciting characteristics of carbon-14 diamond batteries is their
adaptability. They can be used for a large number of use cases and applications
where traditional power sources are unsuitable. The diamond battery also has the
potential to improve healthcare by powering various implants like hearing aids,
pacemakers, and ophthalmic devices. Unlike regular batteries, which require
frequent replacement, the diamond battery has the potential to keep working for
centuries, decreasing patient discomfort and risks associated with surgery.

These batteries are also perfect for missions in space and isolated locations on
Earth. They could potentially supply power to spacecraft, satellites, and even RF
tags, significantly lowering costs and increasing operating life. Micropower
technology can enable a wide range of essential applications, including space
technology, medical implants, and security devices.

A Sustainable Energy Source Solution

The carbon-14 used in diamond batteries is derived from graphite blocks. These
blocks are a byproduct of nuclear fission reactors. Recycling this radioactive
material decreases nuclear waste while also providing a valuable energy source.
The United Kingdom alone has about 95,000 tons of graphite blocks. advanced
technology developed by a collaboration between the University of Bristol and
the UKAEA. This technique not only gives radioactive waste a useful purpose, but
it also lowers the expense and storage issues.
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Revolutionary and Safe Technology

The diamond battery is not only a scientific wonder but also a reliable energy
source. The diamond casing completely absorbs the short-range radiation,
resulting in no hazardous emissions. Even if disposal is required, the battery can
be sent back to the manufacturer and safely recycled. This new development,
which combines scientific skills with innovative engineering, is expected to
completely alter the future of energy. These diamond batteries, which will one-
day power medical gadgets, spaceships, and distant sensors, present a glimpse
into a cleaner and more sustainable future.

The post World's First 5,700-Year-Lifespan Nuclear Diamond Battery Revealed by
UK Researchers appeared first on The Hearty Soul.
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Thin-film tech makes nuclear clocks a
1,000 times less radioactive and more
affordable

A schematic of the deposition process, as thorium ions get vaporized then deposited in a
thin film on the substrate's surface. Credit: Steven Burrows/Ye group and JILA

In the quest for ultra-precise timekeeping, scientists have turned to nuclear clocks. Unlike
optical atomic clocks—which rely on electronic transitions—nuclear clocks utilize the energy
transitions in the atom's nucleus, which are less affected by outside forces, meaning this
type of clock could potentially keep time more accurately than any previously existing
technology.

However, building such a clock has posed major challenges—thorium-229, one of the
isotopes used in nuclear clocks, is rare, radioactive, and extremely costly to acquire in the
substantial quantities required for this purpose.

Reported in a study published in Nature, a team of researchers, led by JILA and NIST
Fellow and University of Colorado Boulder Physics professor Jun Ye, in collaboration with
Professor Eric Hudson's team at UCLA's Department of Physics and Astronomy, have
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found a way to make nuclear clocks a thousand times less radioactive and more cost-
effective, thanks to a method creating thin films of thorium tetrafluoride (ThF.).

The successful use of thin films marks a potential turning point in the development of
nuclear clocks. Using thin-film technology in nuclear clocks is commensurate with
semiconductors and photonic integrated circuits, suggesting that future nuclear clocks could
be more accessible and scalable.

"A key advantage of nuclear clocks is their portability, and to fully unleash such an attractive
potential, we need to make the systems more compact, less expensive, and more radiation-
friendly to users," said Ye.

The costs of nuclear clockmaking

JILA has been at the forefront of atomic and optical clock research for decades, with Ye's
laboratory making pioneering contributions to advancing the concept, design, and
implementation of optical lattice clocks, which set new standards in precision timekeeping.

Physicists have been trying to observe the energy transition of thorium-229 for nearly 50
years. In September 2024, researchers in Ye's laboratory reported the first high-resolution
spectrum of the nuclear transition and determined the absolute frequency based on the
JILA Sr optical lattice clock.

Their result was published as a cover article in Nature.

To build their nuclear clock setup, the team worked with radioactive thorium-229 crystals,
collaborating with researchers at the University of Vienna.

"The growth of that crystal is an art in itself, and our collaborators in Vienna spent many
years of effort to grow a nice single crystal for this measurement," explains Chuankun
Zhang, a graduate student at JILA and first author of both Nature studies.

Previous approaches using thorium-doped crystals required more radioactive material. As
thorium-229 is often sourced from uranium via nuclear decay, this leads to additional
radiation safety and cost considerations.

"Thorium-229 by weight is more expensive than some of the custom proteins I've worked
with in the past,” adds JILA postdoctoral researcher Jake Higgins, also involved in this
project, "so we had to make this work with as little material as possible." The researchers
collaborated closely with CU Boulder's Environmental Health & Safety department to safely
build and study their nuclear clock.

As the team worked to observe the nuclear transitions in thorium-doped crystals, they

simultaneously pursued methods to make the clock safer and more cost-effective by
developing thin film coatings to reduce the amount of radioactive thorium needed.
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Vaporizing thorium

To produce the thin films, the researchers used a process called physical vapor
deposition (PVD), which involved heating thorium fluoride in a chamber until it vaporized.
The vaporized atoms then condensed on a substrate, forming a thin, even layer of thorium
fluoride about 100 nanometers thick.

The researchers selected sapphire and magnesium fluoride as substrates because of their
transparency to the ultraviolet light used to excite the nuclear transition.

"If we have a substrate very close by, the vaporized thorium fluoride molecules touch the
substrate and stick to it, so you get a nice, even thin film," Zhang says.

This method used just micrograms of thorium-229, making the product a thousand times
less radioactive while producing a dense layer of active thorium nuclei. Working with the
JILA Keck Metrology laboratory and JILA instrument maker Kim Hagen, the researchers
reliably reproduced films that could be tested for potential nuclear transitions using a laser.

Finding energy transitions in thin film

However, the team faced a new challenge. Unlike in a crystal, where every thorium atom
was situated in an ordered environment, the thin films produced variations in thorium
environments, shifting their energy transitions and making them less consistent.

JILA graduate student Jack Doyle, who was also involved in this study, elaborates,
"Wolfgang Pauli was rumored to have said that 'God invented the bulk and the surface is of
the devil," but he might as well have said this because the number of factors that are hard to
learn about for a particular surface is immense."

After preparing the films, JILA researchers sent them to Professor Eric Hudson at UCLA,
who used a high-power laser with a much greater spectral width to test the nuclear
transitions.

This broad-spectrum laser has all of its optical power concentrated in one spectral location
instead of a frequency comb that has regularly spaced spectral lines over a larger spectral
distance. This allowed the UCLA team to excite the thorium nuclei effectively, even though
the observed linewidth is broader than previously seen in the previous study.

When the laser's energy precisely matched the energy required for the transition, the nuclei
emitted photons as they relaxed back to their original state. By detecting these emitted
photons, the researchers could confirm successful nuclear excitations, verifying the thin
film's potential to serve as a frequency reference for nuclear clocks.
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"We made the thin film, we characterized it, and it looked pretty good," explains JILA
graduate student Tian Ooi, who was also involved in this research. "It was cool to see that
the nuclear decay signal was actually there."

A new chapter of precision timekeeping

Based on their findings, the researchers are excited about the improvements in precision
timekeeping to be gained by using thin films in nuclear clocks.

"The general advantage of using clocks in a solid state, as opposed to in a trapped-ion
setting, is that the number of atoms is much, much larger,” Higgins elaborates. "There are
orders and orders of magnitude more atoms than one could feasibly have in an ion trap,
which helps with your clock stability."

These thin films could additionally allow nuclear timekeeping to move beyond laboratory
settings by making them compact and portable.

"Imagine something you can wear on your wrist,” Ooi says. "You can imagine being able to
miniaturize everything to that level in the far, far future.”

While this level of portability is still a distant goal, it could revolutionize sectors that rely on
precise timekeeping, from telecommunications to navigation.

"If we are lucky, it might even tell us about new physics," Doyle adds.

More information: Eric Hudson, 229ThF4 thin films for solid-state nuclear
clocks, Nature (2024). DOI: 10.1038/s41586-024-08256-

5. www.nature.com/articles/s41586-024-08256-5

Journal information: Nature

Provided by JILA
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Al robotics will take on human labor so
humans can ‘engage their brains better,’
former Amazon exec says

Robots will replace human labor, to some extent and over time, but people

shouldn’t be too worried, according to a long-time Amazon executive with a new
Al supply chain start-up.

“Robotics will drive a ton in labor savings over time,” Dave Clark, the former CEO
of Amazon’s consumer business and now founder of the Al supply-chain start-up
auger, said Monday during Fortune's Brainstorm Al conference in San Francisco.
“Unfortunately, we've made productivity sort of a dirty word. But we keep finding
better ways to engage people’s brains."

“There's too much hand wringing about it,” Clark added, alluding to expert
warnings and concerns that future advances in Al technology may reduce or
replace human labor to the benefit of corporations looking to save money on
wages.

With two decades experience as a supply-chain executive, Clark admitted that
companies are always looking to “extract maximum cost out of the system,” but
the cost of labor is actually less impactful than things like transportation and a
lack of forecasting.
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Real-world humanoid locomotion with
reinforcement learning

Editor’s summary

The ability of robots to navigate adaptively and robustly in varying terrain increases
their chances of success when deployed in the real world. However, stable locomotion
of full-size bipedal humanoid robots creates a challenge from a controls perspective.
Radosavovic et al. developed a reinforcement learning approach for controlling
locomotion of a humanoid robot, Digit. They trained their model in simulation and
subsequently deployed it into the real-world zero-shot and showed the potential for
robust locomotion on various indoor and outdoor environments. The robot could
exhibit natural and adaptive walking behaviors, including an emergent arm-swing
motion, and adapt to external perturbations. —Amos Matsiko

Abstract

Humanoid robots that can autonomously operate in diverse environments have the
potential to help address labor shortages in factories, assist elderly at home, and
colonize new planets. Although classical controllers for humanoid robots have shown
impressive results in a number of settings, they are challenging to generalize and adapt
to new environments. Here, we present a fully learning-based approach for real-world
humanoid locomotion. Our controller is a causal transformer that takes the history of
proprioceptive observations and actions as input and predicts the next action. We
hypothesized that the observation-action history contains useful information about the
world that a powerful transformer model can use to adapt its behavior in context,
without updating its weights. We trained our model with large-scale model-free
reinforcement learning on an ensemble of randomized environments in simulation and
deployed it to the real-world zero-shot. Our controller could walk over various outdoor
terrains, was robust to external disturbances, and could adapt in context.
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OpenAl backed 1X’s
humanoid robots showcase
an advanced neural network

1X’s androids use Embodied Learning, integrating Al software directly

into their physical forms for advanced capabilities.
Published: Feb 12, 2024 11:49 AM EST

1X aims to supply abundant supply physical labor through secure, intelligent androids.
To advance the labor landscape, robotics firm 1X has embarked on a mission to offer
ample physical labor by utilizing safe and intelligent androids.

The OpenAl-backed firm 1X claims it prioritizes human-environment alignment,
designing hardware resembling the human form for enhanced versatility. The company
employs a comprehensive autonomy approach to maximize adaptable hardware
potential, teaching motor behaviors directly from visual input via neural networks.

Having initially deployed this system on its first humanoid robot, EVE, for patrolling tasks
back in 2023, 1X is now rolling out its latest advancements in the capabilities of its
androids. According to the company, these enhancements have been acquired solely
through end-to-end learning from data, marking a significant milestone in the evolution
of robotics technology.
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Advanced proposition

1X’s androids, human-like robots, are crafted to resemble and imitate human actions,
seamlessly navigating our environment. They adeptly handle everyday objects, maneuver
through standard doorways, and seamlessly integrate into various settings to assist and
enhance human activities.

1X’s androids utilize Embodied Learning, an advanced Al approach directly integrating
the company’s Al software into their physical bodies. This integration enables the
androids to autonomously interact with their environment, learning from real-world
experiences and sensory inputs. Through a methodology termed ‘shared autonomy,’
human operators collaborate with Al to enhance the androids’ capabilities. Operators
employ VR teleoperation in 1X’s Studio to train androids in various tasks, effectively
merging human intelligence with Al efficiency.

The company trains its foundational models for embodied intelligence while integrating
them with OpenAl’s latest high-level planning and instruction comprehension models.
The overarching objective is to equip androids with the ability to comprehend and
execute tasks via voice commands, catering to diverse applications ranging from
household chores to industrial settings.

Neural network

In the video demonstration shared by the firm, 1X claims that the humanoid’s every
behavior is governed by a single vision-based neural network operating at 10Hz,
controlling driving, arm movements, gripper function, torso adjustments, and head
positioning. No teleoperation, computer graphics, video editing, or scripted trajectories
are involved; all actions are autonomously executed by neural networks, operating at
real-time speed, claims 1X.

To develop the machine learning models responsible for these behaviors, 1X curated a
diverse and high-quality dataset comprising demonstrations from 30 EVE robots.
Initially, a “base model” is trained on this dataset, imparting a broad understanding of
various physical behaviors, ranging from household chores to social interactions with
humans and other robots.

Subsequently, this base model undergoes fine-tuning to specialize in specific families of
capabilities, such as general door manipulation or warehouse tasks. Further fine-tuning
aligns these capabilities with solving precise tasks, such as opening a specific door,
according to the company.

This training strategy enables rapid onboarding of new skills with minimal data
collection and training time, utilizing desktop GPUs. The firm claims that “all capabilities
showcased in the video are trained by android operators, embodying a new generation of
“Software 2.0 Engineers” who express robot capabilities through data rather than
traditional coding methods. This approach liberates the company from constraints posed
by the number of Al engineers, fostering flexibility in the range of tasks their androids
can undertake for customers,” said 1X in a statement.
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The Dawn Of Humanoid

Robotics: 2024 Marks a Surge in Al-
Enhanced Capabilities

A Look into the Future: Five Humanoid Robots Poised to
Transform Our World

« Advanced Humanoid Robotics: In 2024, the field of robotics will see
significant advancements, particularly in humanoid robots equipped with
Al brains, thanks to developments in large language models (LLMs).

o Notable Innovations: Tesla's Optimus Gen-2 and Boston Dynamics’ Atlas
represent some of the leading innovations in humanoid robotics,
showcasing enhanced speed, agility, and sensory capabilities.

« Broadening Applications: These robots are being designed not only for
industrial applications but also for roles in everyday human environments,
potentially addressing labor shortages and improving safety in hazardous
jobs.

Tesla-designad

antators & sensors

Tesla’'s Optimus

The age of robots is not just approaching; it is already upon us, with 2024 slated
to be a landmark year for advancements in humanoid robotics. As large
language models (LLMs) integrate deeper into robotic systems, these Al-driven
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machines are becoming more sophisticated, capable, and poised to take on roles
that have traditionally been the domain of humans.

Technological Breakthroughs in Humanoid Robotics

Among the standout innovations are Tesla's Optimus Gen-2 and Boston
Dynamics' Atlas. The Optimus Gen-2, Tesla's latest iteration, boasts significant

improvements over its predecessors, including a 30% increase in walk speed,
enhanced balance, and tactile sensing on all fingers, allowing for delicate object
manipulation such as holding an egg without breaking it. These enhancements
underline the rapid progression from the prototype stages to more refined and
capable versions.

Boston Dynamics continues to push the boundaries with Atlas, its fully electric
robot that combines advanced control systems and state-of-the-art hardware to
exhibit remarkable athletic abilities and agility. Atlas is not only a testament to
the potential of robots in performing complex physical tasks but also
demonstrates the feasibility of humanoid robots working alongside humans in
various settings.
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Emerging Players in the Robotics Field

Other notable robots making waves include Figure 01 by Figure robot, H1 by
Unitree Robotics, and the Fourier GR-1. Each of these robots brings unique

capabilities to the table, from Figure O1's general-purpose utility in the workforce
to H1's exceptional power performance and mobility in complex terrains, and GR-
1's highly bionic motion control capabilities.

e

Implicatios and Future Prospects

The implications of these advancements are profound. Humanoid robots are
transitioning from novelty to necessity, finding their place not just in factories
and labs but in everyday settings, addressing critical issues such as labor
shortages and workplace safety. The integration of Al not only enhances the
functionality of these robots but also ensures they can perform tasks with a level
of precision and efficiency that rivals human capability.
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As we move into 2024 and beyond, the landscape of humanoid robotics is set to
transform dramatically. With each technological leap, robots like Tesla's Optimus
Gen-2 and Boston Dynamics’ Atlas are not only redefining what machines can do
but are also reshaping the interactions between humans and machines,
heralding a new era of coexistence and cooperation.

Discover the Top 10 Cutting-Edge Humanoid
Al Robots of 2024/2025

Explore the latest advancements in humanoid Al robots for 2024 and 2025.
Discover how these innovative machines are set to transform daily tasks and
redefine our interactions with technology.

The world of robotics is evolving at an astonishing pace, with humanoid Al
robots leading the charge into the future. From assisting in daily tasks to
performing complex operations, these robots are designed to enhance
productivity and redefine our interactions with technology. Here's a look at ten
of the most advanced humanoid robots set to make waves in 2024 and 2025.

Kepler Humanoid Robot
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The Kepler Humanoid Robot is a groundbreaking innovation that aims to
revolutionize everyday tasks. Designed to navigate its surroundings with ease,
this robot is equipped with high-definition cameras and sensors that allow it
to identify objects and execute tasks efficiently. Whether it's assisting in
emergency rescues or monitoring security, the Kepler robot is versatile
enough to handle various roles, including operating in harsh outdoor
conditions.

With its potential to upgrade to more advanced models, the Kepler robot is not
just a tool but a glimpse into the future of robotics. Its ability to reduce human
labor in production lines and perform complex tasks makes it a valuable asset
in any operational environment.

LimX Dynamics CL-1

Next up is the LimX Dynamics CL-1, a humanoid robot that stands out with its
sleek design and impressive capabilities. One of its most remarkable features
is its ability to climb stairs, making it suitable for diverse environments. The
CL-1 is equipped with real-time perception and gait planning control, allowing
it to navigate busy streets and conduct meetings seamlessly.

This robot is not just about looks; it can handle delicate items with care and is
constantly learning through machine learning algorithms. As it evolves, the
LimX Dynamics CL-1 is set to take on more manual tasks, ensuring that
human labor becomes a thing of the past.
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Fourier GR-1

The Fourier GR-1 is a mass-produced humanoid robot that boasts a bionic
torso and human-like motions. With a torque of 230 Nm, it can walk briskly
and navigate obstacles with ease. This robot is designed for high-
performance tasks, whether it's stacking boxes in a warehouse or even
competing in a soccer league.

What sets the GR-1 apart is its ability to perform tasks that require precision
and agility. It's a perfect example of how robotics can replace human labor in
various sectors, making it an essential tool for the future.
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Optimus Gen 2

Tesla's Optimus Gen 2 is not just another electric vehicle; it's a glimpse into
the future of robotics. This prototype features an actuated neck and multiple
sensors that allow it to handle delicate objects with precision. From sewing to
preparing meals, the Optimus Gen 2 is designed to take on a variety of tasks
that require a human touch.

In the near future, this robot will be capable of delivering packages, preparing
food, and even walking dogs. The versatility of the Optimus Gen 2 makes it a
game-changer in the world of humanoid robots, promising a future where
robots seamlessly integrate into our daily lives.
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Astribot S1

The Astribot S1 is your personal robot chef, designed to prepare gourmet
meals without the need for human intervention. This robot can cook, clean,
and even assist with household chores, making it an invaluable addition to any
home. Its ability to operate various kitchen appliances and perform delicate
tasks sets it apart from traditional cooking methods.

Imagine coming home to a freshly prepared meal, thanks to your Astribot S1.
This robot not only saves time but also ensures that your culinary needs are
met with precision and care, making it a must-have for busy households.
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Thermonator

Say hello to the Thermonator, a robotic dog that comes with a fiery twist.
Equipped with an arc flamethrower, this quadruped robot is designed to
control wildfires while also being capable of performing various tasks. From
melting snow to providing warmth, the Thermonator is a versatile tool for
outdoor operations.
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Controlled via a smartphone, this robot can navigate complex terrains and
perform tasks with precision. Its ability to operate under various conditions
makes it an essential asset for emergency services and outdoor activities.

Figure

The Figure is a general-purpose humanoid robot that can perform a wide
range of tasks, from meal preparation to package delivery. With its shiny silver
exterior, it's not just functional but also visually striking. This robot is designed
to assist in warehouses and homes alike, ensuring that daily tasks are
completed efficiently.

Imagine having a robot that can lift heavy boxes and sort laundry while also
preparing your meals. The Figure is the perfect blend of utility and design,
making it a valuable addition to any household or business.
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AMBIDEX

Meet AMBIDEX, the ambidextrous robot that can perform tasks with both
hands equally well. This innovative robot is learning human movements and
can assist in various activities, from washing dishes to playing sports. Its
ability to adapt and learn makes it a promising addition to the world of
robotics.

AMBIDEX is not just a helper; it's a companion that can enhance your daily
life. Whether you need assistance in the kitchen or a sports coach, this robot
is designed to meet your needs and improve your skills.
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RB-Y1 by Rainbow Robotics

The RB-Y1 is a fun and functional robot that can stack cups, clean up messes,
and even provide piggyback rides. Developed by Rainbow Robotics, this robot
is designed for entertainment and utility, making it a great addition to any
home or workplace.

With its ability to perform various tasks and its playful nature, the RB-Y1 is not
just a robot; it's a companion that can bring joy and efficiency to your daily
routine. Its unique features make it a standout in the world of robotics.
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CyberOne

Finally, we have the CyberOne, a humanoid robot that understands human
emotions. Weighing only 51 kg and standing 177 cm tall, this robot can
perform tasks while also being attuned to your feelings. Its advanced sensors
allow it to navigate its environment and interact with humans in a meaningful
way.

The CyberOne is designed to be more than just a tool; it's a companion that
can provide emotional support and assistance. With its ability to understand
gestures and emotions, this robot is paving the way for a future where
technology and humanity coexist harmoniously.

As we look ahead to the end of 2024 and 2025, these humanoid robots are set
to transform our lives in ways we can only begin to imagine. With their unique
capabilities and advanced technology, they promise to enhance productivity,
improve efficiency, and redefine our interactions with the world around us.
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10 Amazing Humanoid Robots in 2024

In 2024, the field of humanoid robotics has reached new heights, with groundbreaking
advancements in agility, dexterity, social interaction, and artificial intelligence. These
ten remarkable humanoid robots are poised to transform various industries and
everyday life. From disaster relief and construction to household automation and
customer service, these robots showcase the incredible potential of robotics
technology.

Atlas (Boston Dynamics)

Boston Dynamics’ Atlas robot is a marvel of agility and precision. The latest iteration of
Atlas is fully electric, replacing the previous hydraulic model, which significantly
enhances its strength, agility, and range of motion. Atlas’s advanced control systems
and dynamic balancing capabilities allow it to navigate complex terrains and perform
tasks with unparalleled stability.

This makes it an ideal candidate for disaster relief operations, construction sites, and
search and rescue missions. Atlas’s ability to maintain balance and adapt to different
tasks on the fly sets it apart, allowing it to tackle challenges that were previously
impossible for robots. With ongoing developments and partnerships, such as with
Hyundai for testing in automotive manufacturing, Atlas continues to push the
boundaries of what humanoid robots can achieve.

Spot (Boston Dynamics)

Spot, another innovation from Boston Dynamics, is renowned for its versatility and
adaptability. Unlike Atlas, Spot is a four-legged robot designed to excel in various
applications, including industrial inspection, data collection, and emergency response.
Spot’s 360° perception and autonomous navigation capabilities enable it to traverse
difficult terrain and access areas that are hazardous or inaccessible to humans.

This makes Spot an invaluable asset in industries that require precise and reliable data
collection in challenging environments. The robot’s robust design and ability to operate
in diverse conditions demonstrate its potential to significantly enhance safety and
efficiency in multiple sectors.
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Optimus (Tesla)

Tesla's Optimus represents the company’s ambitious entry into the realm of general-
purpose humanoid robots. Designed to simplify everyday tasks and provide
companionship, Optimus aims to revolutionize household automation. While still in the
early stages of development, Optimus’s potential is immense.

Tesla envisions a future where Optimus can perform a wide range of tasks, from
assisting with daily chores to providing social interaction and support. The development
of Optimus leverages Tesla’s expertise in Al and robotics, promising to integrate
advanced technologies that enhance the robot’s functionality and user experience. As
development progresses, Optimus could transform how we live and interact with
technology, making sophisticated robotic assistance a common feature in households.

Digit (Agility Robotics)

Digit, developed by Agility Robotics, is a collaborative robot that features dexterous
arms and advanced perception capabilities. Digit's ability to manipulate objects with
precision makes it well-suited for applications in warehouses, factories, and
construction sites. Its design allows it to work seamlessly alongside humans,
enhancing productivity and safety in industrial settings.

Digit's advanced perception systems enable it to navigate complex environments and
perform a variety of tasks, from material handling to intricate assembly operations. The
robot’s collaborative nature and adaptability highlight its potential to revolutionize
industrial workflows, making processes more efficient and reducing the physical strain
on human workers.

Pepper (SoftBank Robotics)

Pepper, the humanoid robot from SoftBank Robotics, specializes in social interaction
and emotional recognition. Widely deployed in customer service, healthcare, and
education, Pepper engages with humans meaningfully through advanced facial
recognition and voice analysis technologies. Its ability to provide assistance and
companionship makes it a valuable asset in various sectors. In customer service,
Pepper can greet and assist customers, enhancing their experience and providing
valuable information. In healthcare, Pepper can offer companionship and monitor
patients’ well-being, contributing to improved care and patient outcomes. The robot's
interactive capabilities and empathetic design make it an important tool for enhancing
human-robot interactions in everyday life.
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Figure 01 (Figure)

Figure 01 is a humanoid robot that focuses on fine motor skills and problem-solving. Its
highly articulated hands and precise movements, powered by an advanced Al system,
enable it to perform tasks requiring high levels of dexterity and adaptability. Figure 01's
capabilities make it suitable for applications in research, manufacturing, and beyond.
The robot’s advanced Al system allows it to learn and adapt to new tasks, improving its
performance over time. This continuous learning ability ensures that Figure 01 remains
relevant and effective in dynamic environments, where tasks and requirements can
change rapidly. Its precise and adaptable nature positions Figure 01 as a valuable asset
in fields that demand meticulous and flexible robotic assistance.

Apollo (Atronics)

Atronics’ Apollo is a versatile humanoid robot designed to cater to the needs of various
industries. With its energy-efficient design and modular architecture, Apollo can be
easily customized for specific applications. Its capabilities include walking, running, and
tool operation, making it a valuable asset in a wide range of settings. Apollo’s modular
design allows it to be tailored to different tasks, enhancing its utility and efficiency in
diverse environments. The robot’s ability to perform a variety of movements and
operate tools highlights its potential to revolutionize workflows in industries such as
manufacturing, logistics, and construction. Apollo’s versatility and adaptability make it a
promising solution for addressing complex industrial challenges.

Sanctuary Al Robot

The Sanctuary Al Robot is an advanced humanoid robot with the potential for Artificial
General Intelligence (AGI). By learning from human demonstrations and excelling in
problem-solving, this robot pushes the boundaries of what is possible in robotics. While
many details about the Sanctuary Al Robot remain undisclosed, its potential to
transform industries and shape the future is immense. The robot’s ability to learn and
adapt to new tasks through observation and interaction demonstrates its advanced
cognitive capabilities. As the development of AGI progresses, the Sanctuary Al Robot
could play a pivotal role in various sectors, providing intelligent and adaptable solutions
to complex problems.

Unitree H1 (Unitree Robotics)

Unitree H1, developed by Unitree Robotics, is an affordable and capable humanoid robot
designed to bring robotic assistance to a broader audience. With its advanced
accessibility options and user-friendly interface, Unitree H1 is suitable for both everyday
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tasks and professional settings. The robot’s affordability and ease of use make it an
attractive option for households and businesses looking to integrate robotic assistance
into their daily operations. Unitree H1’s advanced features and intuitive design ensure
that it can effectively perform a wide range of tasks, from basic household chores to
more complex professional duties, enhancing efficiency and convenience for users.

Robot ERA

Watch this video on YouTube.

Robot ERA's robot employs an embodied Al approach that enables continuous learning
and adaptation. Its versatility and ability to improve performance through experience
make it a valuable asset in dynamic environments. Robot ERA focuses on data
collection and task adaptability, making it well-suited for applications in research,
exploration, and beyond. The robot’s ability to learn from its interactions and refine its
performance over time highlights its potential to contribute to a wide range of fields. By
leveraging advanced Al and machine learning techniques, Robot ERA can adapt to new
challenges and provide reliable and efficient assistance in various contexts.

These ten humanoid robots represent the pinnacle of robotics technology in 2024. Each
robot brings unique capabilities and potential to transform various aspects of our lives,
from disaster relief and industrial operations to household automation and social
interaction. As these robots continue to evolve and push the boundaries of what is
possible, they pave the way for a future where humans and robots work together
seamlessly to address challenges and improve the world around us.
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The Rise of Humanoid Robots in 2024: A
Multifaceted Perspective

Exploring the driving forces behind the burgeoning field of humanoid robotics and the
associated challenges and implications for society.

Summary: As humanoid robotics garners momentum in 2024, the convergence of
technological advances, societal needs, and economic incentives propels this Al domain,
while raising significant ethical and practical concerns.

(AIM)—In 2024, humanoid robots represent a significant focal point in the field of artificial
intelligence, underpinned by various driving factors that range from technical innovations
to socio-economic demands. The evolution of humanoid robots is no longer relegated to the
realms of science fiction; it is a tangible reality shaping multiple aspects of human life.
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Technological Advances: Recent breakthroughs in Al subfields such as machine learning,
computer vision, and natural language processing have significantly enhanced the
capabilities of humanoid robots. These technological strides enable robots to perform
complex tasks with greater autonomy and precision, closely mimicking human actions and
interactions.

Societal Needs: The growing prevalence of aging populations and labor shortages across
the globe has catalyzed the adoption of humanoid robots. These robots are increasingly
seen as viable solutions for caregiving, service roles, and even in search and rescue
operations, where human intervention might be risky or insufficient.

Economic Drivers: From an economic standpoint, the potential for humanoid robots to
revolutionize industrial automation, home services, and entertainment sectors has
attracted substantial investment from both startups and established companies, aiming to
capitalize on their commercial applications.

Research and Academic Interest: Academic institutions and researchers are deeply
invested in advancing humanoid robot technology. This surge in scholarly interest fosters
further innovation, particularly in improving robot mobility, dexterity, and decision-
making processes.

Policy and Government Support: Government initiatives in several countries provide
critical support for Al and robotics research through funding and policy frameworks. This
support not only accelerates technological advancements but also helps in addressing
regulatory and ethical standards necessary for integrating robots into society.

Ethical and Legal Considerations: As humanoid robots become more integrated into
daily life, ethical and legal issues come to the forefront. Concerns about job displacement,
privacy, and security require thoughtful consideration to balance technological progress
with societal welfare.

Public Acceptance and International Competition: The global race to dominate this
frontier technology compels nations to invest heavily in humanoid robotics. Public
acceptance is gradually increasing as people become more familiar with robots performing
everyday tasks and providing companionship or assistance.

Challenges and Concerns: Despite the excitement surrounding humanoid robots, several
challenges persist. Technical limitations, high manufacturing costs, and safety concerns
need to be systematically addressed. Moreover, ethical dilemmas surrounding robot
autonomy and potential misuse underscore the need for robust ethical frameworks and
regulations.
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Humanoid robots in 2024 are at a pivotal juncture, promising to reshape industries and
societal norms. While the opportunities are vast, the path forward requires a balanced
approach that considers the technical, economic, and ethical dimensions of robot
integration into human environments.

Sensitive ceramics for soft robotics:
Developing soft and intelligent sensor
materials based on ceramic particles

Empa researcher Frank Clemens and his team develop soft and intelligent sensors materials based on ceramic
particles. Credit: Empa
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Most people think of coffee cups, bathroom tiles or flower pots when they

hear the word "ceramic." Not so Frank Clemens. For the research group leader in
Empa's Laboratory for High-Performance Ceramics, ceramics can conduct
electricity, be intelligent, and even feel.

! y |
n # g
Empa researcher Christopher Bascucci demonstrates a soft material which can be enhanced with ceramic sensors.
Credit: Empa

Together with his team, Clemens is developing soft sensor materials based on
ceramics. Such sensors can "feel" temperature, strain, pressure or humidity, for
instance, which makes them interesting for use in medicine, but also in the field
of soft robotics. This work was published in the journal Advanced Intelligent
Systems.
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Soft ceramics—how is that supposed to work? Materials scientists like Clemens
define ceramics as an inorganic, non-metallic material that is produced from a
collection of loose particles in a high-temperature process known as sintering.

The composition of ceramics can vary—and their properties change as a result.
But earthenware and porcelain are nowhere to be seen in Clemens' lab. The
researchers work with materials such as potassium sodium niobate and zinc
oxide, but also with carbon particles.

None of these materials are soft. In order to fashion them into flexible sensors,
the researchers embed ceramic particles in stretchable plastics.

"We work with so-called highly filled systems," says Clemens. "We take a matrix
made of a thermoplastic and fill it with as many ceramic particles as possible
without compromising the elasticity of the matrix."

If this highly filled matrix is then stretched, compressed or exposed to
temperature fluctuations, the distance between the ceramic particles changes,
and with it the electrical conductivity of the sensor. It's not necessary to fill the
entire matrix with ceramic, emphasizes Clemens: Using 3D printing, the
researchers can also embed the ceramic sensors as a kind of "nerves" in flexible

components.

Sensor signal Decision-making Stop
analysis code stimulation

B sensorized bio-actuator ;
development platform .~

Resistance

Realization of a proprioceptive system in a skeletal muscle tissue-based bioactuator. A) The mechanosensor uses a
piezoresistive composite designed as a silicone-insulated fiber. The fiber was characterized by its sensing
performance, integrability in soft matrices, biocompatibility in engineered skeletal muscle tissue, and operativity in a
cell culture environment. B) When assembled with bioactuators, the sensor revealed micromotions triggered by
electrical stimulation without disturbance from applied electrical fields, and the sensor signal could be used to
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modulate the stimulation pulses provided by muscle electrical stimulation setup. Credit: Advanced Intelligent Systems
(2024). DOI: 10.1002/aisy.202400413

Selective and intelligent

The production of soft ceramic sensors is not trivial. Usually, soft sensors are
sensitive to different environmental influences at the same time, such as
temperature, strain and humidity. "If you want to use them in practice, you need
to know what you are measuring," says Clemens. His research group has
succeeded in producing soft sensors that react very selectively only to pressure or
only to temperature.

The researchers integrated these sensors into a prosthetic hand. The prosthesis
"senses” the flexion of its fingers and notices when it touches a hot surface. Such
"sensitivity” would be an advantage both for robotic gripping tools and for
human prostheses.

The Empa team even went one step further with the development of a soft "robot
skin." Similar to human skin, the multi-layered plastic skin reacts to touch and
temperature differences.

In order to evaluate the complex data, the Empa researchers developed an Al
model together with researchers from the University of Cambridge and trained it
using data from around 4,500 measurements. This is also reminiscent of human
perception, as the nerve impulses from our skin are evaluated and extrapolated in
the brain.

In their most recent project, the researchers were able to combine the ceramic
sensors with artificial muscles. Together with researchers from ETH Zurich and the
University of Tokyo, they have developed a bio-hybrid robot that recognizes its
contraction state with the help of a soft, biocompatible, tissue-integrated
piezoresistive sensor.
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Safe collaboration between humans and machines

The aim, says Frank Clemens, is for humans and machines to work together safely
and harmoniously. "Today's robotic systems are big, clunky and very strong. They
can be dangerous for humans,” explains the researcher. If in future we are to
increasingly share our workplaces with robots, they should react quickly and
sensitively to touch.

"If you accidentally touch another person, you automatically pull away," says
Clemens. "We want to give robots the same reflex."

The researchers are now looking for industrial partners in the field of robotic
gripping systems. But soft sensors are also in demand in medicine—the team
recently completed an Innosuisse project with the company IDUN Technologies,
in which they produced flexible electrodes for brain wave measurements.

The work is far from over: The researchers want to make their soft ceramic
sensors even more sensitive and intelligent. This involves combining new ceramic
materials and soft polymers and optimizing their sensor properties. The secret to
success lies in the interaction of these two components.

More information: Miriam Filippi et al, Sensor-Embedded Muscle for Closed-
Loop Controllable Actuation in Proprioceptive Biohybrid Robots, Advanced
Intelligent Systems (2024). DOI: 10.1002/aisy.202400413

Provided by Swiss Federal Laboratories for Materials Science and Technology
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More Information

Abstract

This paper provides a comprehensive review of the current status,
advancements, and future prospects of humanoid robots, highlighting their
significance in driving the evolution of next-generation industries. By analyzing
various research endeavors and key technologies, encompassing ontology
structure, control and decision-making, and perception and interaction, a holistic
overview of the current state of humanoid robot research is presented.
Furthermore, emerging challenges in the field are identified, emphasizing the
necessity for a deeper understanding of biological motion mechanisms, improved
structural design, enhanced material applications, advanced drive and control
methods, and efficient energy utilization. The integration of bionics, brain-inspired
intelligence, mechanics, and control is underscored as a promising direction for
the development of advanced humanoid robotic systems. This paper serves as
an invaluable resource, offering insightful guidance to researchers in the field,
while contributing to the ongoing evolution and potential of humanoid robots
across diverse domains.

Keywords:
o Future trends and challenges,

o humanoid robots,

o human-robot interaction,

o key technologies,

o potential applications

I. Introduction

HUMANOID robots are meticulously designed machines that closely imitate
human appearance and behavior, proficiently replicating functions such as
perception, decision-making, and interaction [1]. Inspired by human intelligence
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and adaptability, these robots have made significant advancements that surpass
previous limits. The primary goal is to create humanoid robots capable of
ongoing learning and adaptation in unstructured and dynamic environments,
ultimately benefiting individuals and propelling the advancement of humanity [2]-

[4].

Humanoid robots possess distinct advantages compared to other robot forms.
Their human-like design, encompassing torso, arms, and legs, enhances their
adaptability to human-centric environments, fostering societal acceptance and
enabling complex interactions [5]. This anthropomorphic design facilitates natural
human interaction, making them valuable for fields like healthcare and education.
Bipedal mobility allows humanoid robots to navigate human spaces efficiently,
while their advanced manipulation and dexterity make them capable of intricate
tasks [6]. Their cognitive abilities enhance autonomy and adaptability [7].
Moreover, their human safety features, social acceptance, and adaptability to
human environments contribute to their suitability for collaborative roles [8].
Despite these advantages, challenges such as balance and energy efficiency
persist, making continued research crucial for unlocking their full potential across
various domains.

Humanoid robotics, an interdisciplinary field encompassing mechanics,
electronics, computer science, artificial intelligence, sensing, and actuation,
stands at the forefront of scientific and technological research [9]-[11]. Through
progressive research, our comprehension of the structural and functional aspects
of humanoid robots has significantly advanced [12], [13]. Pioneering
breakthroughs in biomimetic structures, materials, biological information
perception, and brain-inspired intelligent control have yielded remarkable
experimental applications, showcasing the vast potential of humanoid robots.
Nevertheless, a notable disparity remains between the current functional
capabilities of humanoid robots and the intricate capacities exhibited by humans

[14], [15].

Furthermore, humanoid robots serve as prominent symbols of a nation’s
technological capabilities and innovative prowess, owing to the intricate
mechanical and electronic components they embody [16]-[20]. Significant
progress has been made in enabling these robots to navigate bipedally in diverse
environments, demonstrating their adaptability and versatility [21]. The design
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and control processes of humanoid robots have received significant attention,
leading to rapid advancements in motion planning, robot vision, and behavioral
control through the implementation of learning algorithms [22]-[24]. However,
achieving highly intelligent and versatile humanoid robots remains a formidable
challenge in the fields of robotics and artificial intelligence. Unleashing their full
potential requires further breakthroughs in both hardware and software domains

[25]-[27].

Despite persistent challenges, humanoid robots hold extensive potential for
applications across various domains of human life, including military operations,
industry, rescue missions, healthcare, education, assistance, entertainment, and
agriculture [28], [29]. Their widespread utilization drives the development of next-
generation industries and expands the scope of robotic applications,
encompassing areas such as national defense, intelligent manufacturing, and
social services. Looking ahead, humanoid robots are poised to assume a
prominent role in daily life applications, emerging as one of the most significant
forms of intelligent robots [30].

Humanoid robots have reached the apex of technological innovation, propelling
the advancement and evolution of next-generation industries. This
comprehensive paper provides an in-depth review of the current status,
advancements, and future prospects of humanoid robots, encompassing key
technologies and research endeavors. By addressing emerging challenges and
emphasizing the integration of bionics, brain-inspired intelligence, mechanics,
and control, the paper serves as a valuable resource for researchers and
practitioners. It contributes to the continuous evolution and potential of humanoid
robots in diverse domains, fostering interdisciplinary integration and propelling
advancements in various fields such as bionics, artificial intelligence, computer
science, and material science. Ultimately, this review informs future development
and planning, promoting the integration of disciplines for the next generation of
humanoid robotic systems.

The paper is organized as follows: Section | introduces the review. Sections II-V
delve into different facets of humanoid robots, including research overview,
structure and mechanism, control and learning, and perception and interaction.
Section VI is dedicated to exploring potential applications of humanoid robots.
Section VII delves into future trends and challenges within the field. Section VIII
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provides a comprehensive conclusion. The main contributions of the paper can
be summarized as follows.

1) This paper provides a comprehensive overview of the current state,
advancements, and future prospects of humanoid robots, imparting a holistic
understanding of this domain.

2) This paper thoroughly investigates fundamental aspects of humanoid robot
technology encompassing ontology structure, control, learning, and perception,
with the aim of advancing broader research in the field.

3) This paper highlights the potential applications of humanoid robots,
emphasizing their adaptability and potential integration into human life.

4) This paper outlines future trends and challenges in humanoid robot research,
providing guidance through research directions and challenges for development
and utilization.

II. Overview of Humanoid Robot Research

This section presents a comprehensive overview of the research on humanoid
robots, including historical advancements and an analysis of the current research
status in the field.

A Historical Progression of Humanoid Robots

The exploration of humanoid robots began in the 1970s and gained significant
momentum in the early 21st century. They progressed from imitating human
appearance and basic movements to evolving into intelligent systems with
human-like attributes. This evolutionary progression unfurls through three
discrete developmental stages, as depicted in Fig. 1.

66


javascript:;

High intelligence

i

" i ASIMO2011  Petman Optimus

Personification Intelligence

WABOT WABIAN P2 ASIMO2000 QRIO

1973 1986 1996 2000 2003 2011 2013 2023
Figure 1. Historical progression of humanoid robots.

.
>

DownLoad: Full-Size Img PowerPoint

The initial stage, commencing in the late 1960s, witnessed the nascent
advancement of humanoid robots, exemplified by the bipedal walking robots
pioneered by Waseda University. This institution spearheaded the research in
this domain, and their series of robots, including WAP (Waseda Automatic
Pedipulator), WL (Waseda Legged), WABIAN (WAseda Blpedal humANoid), and
WABOT (WAseda roBOT), successfully accomplished fundamental walking
functionalities [9]. Concurrently, research institutions in Japan, the United States,
the European Union, and South Korea also ventured into the field of humanoid
robotics, attaining substantial advancements. Throughout this period, the primary
emphasis lay in realizing bipedal walking functionality and establishing a
foundational level of control [31]-[34].

The second stage of humanoid robots marked a significant advancement with the
introduction of highly integrated systems, exemplified by Honda’s humanoid
robots. During the 21st century, the integration of sensing and intelligent control
technologies enabled these robots to possess rudimentary sensory systems,
allowing them to perceive basic information from their surroundings. Leveraging
these sensory inputs, they demonstrated the ability to make simple judgments
and adjust their movements accordingly, leading to smoother and continuous
locomotion. A prominent example of this stage was Honda’s humanoid robot
“‘ASIMO2000”, unveiled in 2000, which not only resembled humans but also
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showcased predictive capabilities by anticipating future movements and
proactively adjusting its center of gravity. This innovation allowed for seamless
walking during turns, making ASIMO2000 the first globally influential humanoid
robot [35]. Other notable robots from this era include Sony’s “QRIO” [36], which
debuted in 2003 as the first humanoid robot capable of running, as well as
“BIP2000” [37] from France, Sony’s “SDR” series [38], and South Korea’s
“‘HUBO?” [39]. These robots exhibited impressive capabilities such as standing,
navigating stairs, running, and engaging in physical exercises.

The third stage showcases breakthrough progress in humanoid robot
development, with Boston Dynamics and Tesla leading the way in achieving
highly dynamic motion. Advancements in control theory and technology have
boosted their cognitive capabilities, enabling them to perform intricate
movements independently and with stability. These robots can make informed
decisions based on their judgment and surroundings. For instance, Honda'’s
ASIMO robot can perform delicate tasks like grasping objects and pouring liquids
accurately by integrating visual and tactile object recognition technologies. It can
also respond to voice commands and gestures [40]. Boston Dynamics’ ATLAS
robot showcases human-like perception, judgment, and decision-making skills,
demonstrating dynamic abilities such as navigating conveyor belts, avoiding
obstacles, and maintaining balance even in challenging scenarios [41]-[43].
“Petman”, another creation by Boston Dynamics, mimics human physiology by
regulating body temperature and perspiration [44], [45]. Tesla’s humanoid robot,
“Optimus prime”, is anticipated to revolutionize mass production and contribute to
the industrial progress of humanoid robotics [46]. These breakthroughs signify a
remarkable advancement, holding promising potential for further strides in
intelligent robots capable of intricate tasks.

The entry of renowned companies like Tesla into humanoid robotics highlights
the significance of established innovators venturing into new technology areas.
Such companies bring attention, funding, and talent, crucial for capital-intensive
fields like robotics. Academia contributes by laying theoretical foundations,
conducting early research, and fostering innovative ideas. Ideally, collaboration
between academia and industry is essential, with academia providing information
for industrial applications, and industry offering real-world challenges and data.
Humanoid robot development is interdisciplinary, necessitating a diverse
ecosystem [47]. Ethical and regulatory considerations become crucial as robots
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integrate into society, with academia leading discussions, and the industry
implementing responsible practices. Ultimately, the trajectory of humanoid robot
development depends on market demand and the ability to meet real-world
needs. In summary, both academia and industry have vital roles to play, with
academia focusing on research, ethics, and long-term planning, while industry
drives practical applications and scalability. Effective collaboration is key to
unlocking the potential of humanoid robots and advanced technologies.

B Research Ideas of Humanoid Robots

Humanoid robots are currently advancing in two main directions: One aims for a
human-like appearance, while the other emphasizes functional similarity,
encompassing human-like movements, dexterity, and environmental perception.
These approaches stem from different research perspectives and have shaped
the field in distinct ways [48], [49].

The first approach focuses on replicating human appearance and functions
externally. Through assimilating insights from human behavior, robots acquire
the capacity to execute tasks in a manner akin to humans, harnessing
sophisticated sensors and adept control programs [40], [42], [50], [51]. Examples
of notable research outcomes include Honda’s ASIMO robot [40], Beijing Institute
of Technology’s BHR robot [50], the iCub robot developed by the Italian Institute
of Technology [51], [52], and Boston Dynamics’ Atlas robot [42]. These robots
integrate artificial intelligence algorithms for initial self-learning and adaptability.
Through redundant actuators, researchers creating humanoid robots with
human-like dexterity though controller design remains a challenge. Various
mathematical algorithms have been proposed to control humanoid robots with
highly redundant actuators, such as the zero moment point [53], capture point
[54], [55], and central pattern generator algorithms [56] for achieving stable
bipedal locomotion, as well as model-free reinforcement learning [57] and
demonstration-based imitation learning algorithms [58] for diverse operations.
While these approaches are still in the early stages of research, they hold
promise in expanding the application range of humanoid robots.

The second approach delves into internally emulating core human mechanisms,
resulting in intelligent robots with human-like internals. These robots simulate
human traits such as visual cognition, decision-making, motor control, and
musculoskeletal systems, aiming to establish empathy and deep cooperation
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with human partners [48]. Research teams globally, including the USA, EU,
Japan, South Korea, Canada, Australia, and China, have made significant strides
in humanoid mechanisms, brain-inspired algorithms, neuromorphic chips, and
musculoskeletal systems, achieving notable progress [59]-[61].

C Research Subjects and Hotspots of Humanoid Robots

A search for “humanoid robots” in the Web of Science database using the time
frame 1900-2022 yielded a total of 17 488 relevant papers. After filtering out
irrelevant papers, the top 10 000 papers were ranked and analyzed for relevance
using citespace, a specialized software for literature analysis. Fig. 2 presents the
current research themes and hotspots in the field of humanoid robots, with the
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Figure 2. The mapping knowledge domain of humanoid robots. (a) Co-citation
analysis; (b) Country and institution analysis; (c) Cluster analysis of keywords.
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1) Co-Citation Analysis: Examining the distribution of authors in the literature, it is
evident that early research on humanoid robots was pioneered by authors like K.
Hirai, S. Kajita, and Q. Huang. In recent years, an increasing number of
researchers, including prominent figures like S. Kuindersma and K. Kaneko, have
joined the field and contributed to humanoid robot research.

2) Country and Institution Analysis: The analysis of author-country clusters

reveals that the major research countries of humanoid robots are Japan, USA,
and China. Key research institutions include the University of Tokyo, Waseda
University, and Osaka University in Japan, Beijing Institute of Technology and
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Tsinghua University in China, and the Massachusetts Institute of Technology in
USA. Other countries, such as Italy, Germany, France, the UK, and South Korea,
have also made significant contributions to related research.

3) Cluster Analysis of Keyword: Analyzing the distribution of keywords in the
papers, it is observed that research on humanoid robots primarily focuses on
topics such as human-robot interaction, human motion, path planning, imitation
learning, biped walking, virtual reality, and hand posture recognition.

As shown in Fig. 3, the number of papers on humanoid robotics demonstrated a
steady increase from 1998 to 2011, reflecting a growing interest in the field.
Since 2012, there has been a substantial surge in research, driven by
technological advancements, the robotics competition, media coverage, practical
applications, increased funding, collaboration, and academic interest. This surge
led to a peak of over 1000 papers published annually from 2014 to 2022,
indicating a persistent and enthusiastic trend in humanoid robot research over

the past decade.
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D Research Status of Humanoid Robots

Various countries have designed unique humanoid robots, each characterized by
specific attributes and abilities, as illustrated in Fig. 4. Table | provides a
comprehensive overview of the progress and achievements in humanoid robot
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research by highlighting a selection of representative models. This table
summarizes the advancements made in humanoid robots, particularly in areas
such as movement, dexterity, interaction, and cognitive capabllltles

Humanoid robots in Japan
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Figure 4. Research status of humanoid robots
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Table 1. Performance Parameters of Some Typical Humanoid Robots
Robot Year Research institute DOF Mass  Height Mobility P-as-sive
(kg) (m) joints
Waseda
WABIAN-2 [65] 2005 University, 41 64.5 1.53 Biped No
Japan
Waseda
Twendy-One [99] 2007  University, 47 111 1.47 Wheeled Yes
Japan
H7 [100] 2001 JSK, Japan 30 57 1.46 Biped No
Kengoro [101] 2016 JSK, Japan 68 56 1.7 Biped Yes
HRP-2 [66] 2004 AIST, Japan 30 58 1.54 Biped No
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o Mass Height . Passive
Robot Year Research institute DOF Mobility o
(kg) (m) joints
HRP-4C [68] 2009 AIST, Japan 42 43 1.58 Biped No
ASIMO02011 [40], Honda Giken, .
2011 48 1.3 Biped No
[76] Japan
HUMANOID _
2005 Toyota, Japan 31 40 1.48 Biped No
[102
HERB [103] 2012 CMU, USA 2%x7 - - Wheeled Yes
Robonaut 2 [82], .
2010 NASA, USA 58 223 2.4 Biped Yes
[85]
Valkyrie [104] 2013 NASA, USA 44 44 1.9 Biped Yes
Willow Garage,
PR2 [81] 2010 - 1.26 Wheeled Yes
USA
Meka Robotics,
Meka M1 [105] 2011 USA 2x7 165 1.75 Wheeled Yes
Boston .
ATLAS [41] 2016 _ 82 1.65 Biped No
Dynamics, USA
Optimus Prime 2023 Tesla, USA 40 56 1.73 Biped Yes
iCub [51], [52], .
[54]. [52] 2004 1T, Italy 53 25 1.04 Biped No
[106
WALK-MAN .
2013 T, Italy 33 120 1.85 Biped No
[107]
COMAN [108], .
2015 T, Italy 25 31 0.95 Biped Yes
[109
Justin [110] 2007 DLR, Germany 43 45 1.7 Wheeled No
ARMAR-IV .
[111 2013 KIT, Germany 63 70 1.7 Biped Yes
RoboThes-pian Engineered i
2007 30 33 1.75 Fixed No
[112] Arts, UK
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o Mass Height . Passive
Robot Year Research institute DOF Mobility o
(kg) (m) joints
REEM-C [113], Pal Robotics, )
2014 _ 68 70 1.6 Biped No
[114] Spain
Pepper [115]- Aldebaran,
PP 2012 20 28 1.28 Wheeled No
[117 France
ROMEO [118]- Aldebaran, .
2012 37 44 1.4 Biped Yes
[120] France
Albert-HUBO KAIST South _
2006 66 57 1.37 Biped No
[39] Korea
DRC-HUBO KAIST South .
2015 33 80 1.75 Biped/Wheeled No
[121 Korea
Blackman 2005 NUDT, China 36 635 1.54 Biped No
BRH-5 [122] 2012 BIT, China 30 63 1.62 Biped No
Wu Kong [123], . .
J 2011 ZJU, China 30 55 1.62 Biped No
[124]
GOROBOT-II . .
2005 HIT, China 25 35 1.7  Biped/Wheeled No
[50]
GOROBOT-III . _
2007 HIT, China 70 90 1.58 Biped No
[50]
THBIP-1 [125] 2002 THU, China 32 130 1.8 Biped No
DARwINn-OP .
[126 2011 UTokyo, Japan 20 2.8 0.45 Biped No
Aldebaran, .
NAO [127] 2009 25 4.5 0.57 Biped No
France
Po 128], .
PPy [128] 2014 INRIA, France 25 35 0.83 Biped Yes
[129]
Igus [130] 2015 AIS, Germany 20 6.6 0.92 Biped No
University of .
ARC [131] 2018 . 20 2.9 0.54 Biped No
Tabriz, Iran
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Mass Height Passive

Robot Year Research institute DOF Mobility o
(kg) (m) joints
Surena-Mini )
2017 CAST, Iran 23 3.3 0.53 Biped No
[132
NimbRo-OP2 )
2018 AIS, Germany 20 19 1.35 Biped No
[133], [134]
Lola [135] 2009 TUM, Germany 25 55 1.8 Biped No
| Show Table

DownLoad: CSV

1) Humanoid Robots in Japan: Research on humanoid robots in Japan has
predominantly focused on morphological simulation, with a specific emphasis on
developing intricate and lifelike bionic robots tailored towards domestic and
service-oriented applications [62].

Waseda University pioneered humanoid robot development with the
groundbreaking WABOT series in 1976, achieving the first successful
implementation of bipedal walking technology [63], [64]. Over nearly five
decades, Waseda University has sustained its leadership in advancing humanoid
robotics. Collaborating with the National Institute of advanced industrial science
and technology (AIST), the university’s contributions extended to the WABIAN
series, enriching the domains of bipedal locomotion, control algorithms, and the
intricate interplay between humans and robots [65]. The AIST catalyzed
significant progress in the realm of humanoid robotics, exemplified by the HRP
line of robots [66]. These platforms have illuminated diverse avenues of research
encompassing humanoid locomotion, manipulation, and human-robot interaction.
Notably, the HRP-4 robot emerged as a striking testament to its ability to mimic
human movements and manipulations [67]. Subsequent iterations like the HRP-
4C [68] optimized motor skills and expressions, while the HRP-5P [69] fortified
stability against external forces. Additionally, the University of Tokyo’s Kenshiro
humanoid robot demonstrated enhanced flexibility through an increased number
of degrees of freedom [70]-[72].

Aside from research institutions, notable companies such as Honda, Toyota, and
Sony have made significant contributions to humanoid robot research [35], [73]-
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[75]. Honda’s partner robot (PR) achieved high-speed running capabilities
through a unique design inspired by horse hooves. Sony developed entertaining
humanoid robots, namely the SDR and QRIO, capable of singing, dancing,
kicking a ball, and engaging in human-computer interaction [36]. ASIMO,
Honda’s renowned robot introduced in 2000, represents a reduction in size from
the P2 humanoid walking robot while further enhancing walking and working
capabilities. The improved version of ASIMO, developed in 2011, demonstrated
the ability to walk on uneven surfaces, perform voice recognition, avoid static and
moving obstacles, and exhibit multi-finger coordination [40], [76]-[80]. Another
noteworthy creation is the Schaft robot, developed in 2013, which exhibits the
capacity to navigate uneven terrains and climb ladders, among other functions

[62].

2) Humanoid Robots in the USA: In the USA, humanoid robotics research has
primarily focused on understanding the mechanisms and functional simulation of
the human brain, resulting in significant advancements in operating robots within
complex environments. These achievements lay a solid foundation for potential
real-world applications.

One notable institution, the MIT LegLab, adopted a progressive approach from
the 1980s to the 1990s, culminating in the development of a series of highly
capable mobile humanoid robots based on pneumatic telescopic leg
mechanisms. These robots demonstrated remarkable locomotor capabilities due
to the high power density of pneumatic mechanisms. For instance, the planar
biped and the 3D biped not only exhibited fast running speeds but also
performed cartwheels while in motion [31]-[34]. The MIT Artificial Intelligence
Laboratory contributed to the field with the Kogo robot, which emulated human-
like learning processes to perform specific tasks. Additionally, Willow Garage’s
two-armed service robot, PR2 (personal robot 2), showcased the ability to
execute complex operations such as folding clothes and towels, opening doors,
and autonomously locating its own charging socket [81]. NASA developed the
humanoid two-armed robot, Robonaut 2, which replaced astronauts during tests
on the international space station, carrying out repetitive tasks in the hazardous
space environment [82]-[86]. Agility robotics is a leading company known for
innovative humanoid robots, like their flagship “Cassie” humanoid robot and
“Digit” humanoid robot, which sets new standards in versatile robotic mobility
[87], [88]. Rethink Robotics introduced the Baxter robot, a new generation of
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flexible two-armed industrial robots. Baxter robots are known for their cost-
effectiveness, versatility, and ease of programming, making them suitable for a
wide range of applications [89]-[92]. Sarcos developed the Sarcos humanoid
robot capable of maintaining balance and achieving movement despite
disturbances during walking and standing. Boston dynamics, a renowned leader
in humanoid robotics, has developed a variety of dynamic and highly mobile
robots. The original humanoid robot, Petman, was designed to perform actions
such as walking, push-ups, and overcoming obstacles [45]. Building upon
Petman, the Atlas robot underwent comprehensive improvements in walking and
manipulation capabilities, enabling it to operate in unknown environments [41]—
[43]. The institute for human and machine cognition (IHMC) stands as a
prominent research institute specializing in humanoid robot walking motion
control. In 2019, IHMC designed and developed the M2V2 humanoid robot
specifically for urban environments [93], [94]. Tesla unveiled its latest humanoid
robot, Optimus Prime, in 2022, envisioning its deployment in thousands of
households. Optimus Prime demonstrates human-like dexterity, steady walking,
the ability to bend over, wave to audiences, and perform simple dance moves
[46], [95]. Additionally, Nadia, jointly designed and built by IHMC and Boardwalk
Robotics, represents the next generation of humanoid robots. It possesses a
wide range of motion, high speed, and great strength. With experience gained
from working with robots such as Boston Dynamics’ Atlas and NASA'’s Valkyrie,
Nadia aims to advance robotics and apply these technologies to practical real-
world applications. Unlike Tesla’s Optimus Prime, Nadia employs a hybrid power
system, combining electric and hydraulic power sources [96]-[98].

3) Humanoid Robots in Other Countries: In various countries, the research on
humanoid robots has been influenced and inspired by the distinctive studies
conducted in the USA and Japan, leading to further innovative research and
development.

In France, Aldebaran Robotics has made significant contributions to humanoid
robotics with the development of various humanoid robots, including ROMEO,
Pepper, and NAO. The NAO robot, widely utilized in the academic field, has
gained global recognition [127]. ROMEO, primarily designed for personal care,
possesses the ability to observe its surroundings and engage in conversations
with humans [118]-[120]. The Pepper robot is designed to interact with humans,
specifically, recognizing emotions through human facial expressions and voices
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and adapting conversational patterns accordingly [115]-[117]. The Flower Lab at
Inria has developed POPPY, a low-cost humanoid robot manufactured using 3D
printing technology. POPPY’s movements closely resemble those of a human
[128], [129]. Germany, specifically the Technical University of Munich, has
developed the Johnny humanoid robot, primarily utilized for kinematic research,
indoor environmental services, and fast walking, including navigating obstacles
[136], [L37]. The German Aerospace Center (DLR) has developed the TORO
humanoid robot, which emphasizes coordinated control of the robot’s arms and
gait control for safe human-robot interaction [138], [139]. Tobot, a software
company, has created two robots capable of dancing to music. The iCub
humanoid robot, developed by the Italian Institute of Technology, plays a
significant role in human cognition and artificial intelligence research, aimed to
deepen our understanding of human cognitive processes [51], [52], [106], [140].
Additionally, the Italian Engineering School has developed the flexible humanoid
robot COMAN, primarily for studying the planning and control of natural walking
and jumping movements [108], [109], [141], [142]. The University of Brussels in
Belgium has developed the Lucy humanoid robot, equipped with pneumatic
artificial muscles [143]. PAL in Spain has introduced the REEM-C humanoid
robot, featuring walking, visual recognition, and human-robot interaction
capabilities [113], [114]. Engineered Arts, a British Technology Company, has
created a humanoid robot, renowned for its realistic expressions and advanced

interaction capabilities, earning it the reputation of being one of the most human-
like robots [112]. In South Korea, the KHR series of humanoid robots developed
by KAIST enjoys significant recognition [144], [145]. The HUBO KHR-3 robot can
walk at a speed of 1.4 km/h with a straight-knee gait and run at 3.6 km/h [146].
The DRC-HUBO robot employs an innovative wheel-leg combination model to
enhance stability in uncertain environments [39], [121], [147].

4) Humanoid Robots in China: China has made significant progress in the field of
humanoid robots, with various universities and research institutes leading the
way. Some notable achievements include the development of the “Forerunner” in
2000 by the National University of Defence Technology, and the “BHR”
humanoid robot in 2002 by the Beijing Institute of Technology, which showcased
stable walking on unknown terrain and complex movements [148]. Other
institutions, like the Harbin Institute of Technology [149] and Tsinghua University
[125], [150], also contributed with successful bipedal walking robots and unique
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transmission structures for stable walking. Peking University’s “Runbo” humanoid
robot employed an elastic mechanism for smooth walking and agile task
performance [151], [152]. The Beijing Institute of Technology’s five generations of
the BHR series robots are considered representative humanoid robots in China,
with the “GOROBOT 5” achieving breakthroughs in motion control and
autonomous response based on high-speed vision [122]. Zhejiang University
excelled in high-speed vision perception, dexterous motion planning, and precise
balance control, even developing humanoid robots for table tennis and football
[123], [124]. Chinese companies have advanced in humanoid robot development,
with notable examples including Ubtech’s Alpha robot in 2015, the Walker
humanoid service robot in 2021, and Xiaomi’s CyberOne in 2022, China’s first
full-size bionic humanoid robot with advanced features [48], [49]. These
advancements in China’s humanoid robotics reflect the country’s expertise and
dedication to exploring the potential applications of humanoid robots across
various domains.

III. Ontological Structure & Modules

This section summarizes the ontology structure and mechanism of humanoid
robots, including a discussion of the various modules involved.

A Mechanical Design

The mechanical design of humanoid robots is of utmost significance, drawing
inspiration from the intricate structure and subtle motions of the human body
[153]-[155]. This design serves a dual role, facilitating practical interactions while
also providing a platform for scholarly exploration into bipedal locomotion and
associated research pursuits [20], [69], [156]. Comprehensive comparisons of
specifications in Tables | and |l offer insights into various humanoid robots,
facilitating understanding of their capabilities. Parameters such as degrees of
freedom, weight, size, power supply, and sensors shed light on strengths and
limitations, aiding researchers and developers. This analysis reveals trends and
progress in humanoid robotics, supporting further research. The implementation
of techniques such as laser cutting, CNC machining, and 3D printing contributes
to the construction of intricate mechanical frameworks, wherein the latter
emerges as a transformative innovation, offering an array of cost-effective
prospects for crafting lightweight and structurally economical frameworks [69],
[155], [157], [158]. A notable trajectory in this domain involves the impetus of
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commercial enterprises towards the development of lightweight and open

platform humanoid robots, exemplified by noteworthy entities such as DARwIn-
OP [126], Open-HRP [130], [133], [134], Aldebaran Nao [127], iCub [52], [106],

and NimbRo-OP [130], [133].
Table 1l. Ontological Structure and Modules of Some Typical Humanoid Robots

Structure Actuators ] .
Robot ] Processing unit Sensors
material type
. Atom Z530 1.6 GHz CPU
DARwIN-OP  Aluminum, _ )
. Electrical (32 bit) on-board 4 GB flash Camera, IMU
[126] plastic
SSD
Camera, IMU, force,
ATOM Z530 1.6 GHz CPU, . .
_ sensitive resistors,
NAO [127] ABS Electrical 1 GB RAM2, 2 GB Flash
_ sonar, rotary, encoders,
memory, 8 GB Micro SDHC )
tactile
Poppy [128], Plastics, . . Stereo micros, force,
. Electrical ~ Raspberry Pi
[129] aluminum IMU
Iglidur, ) Intel i7, 2.4 GHz CPU 4 GB
Igus [130] Electrical Camera, IMU, encoders
polymer RAM, 120 GB SSD
iCub[51],  Aluminum, Electrical Microcontroller based Cameras, IMU, force,
ectrica
[52], [106] titanium Freescale 56F807 chip torque, microphone
Aluminum, ) Intel i5, 1.8 GHz CPU 32
ARC [131] . . Electrical -
titanium GB RAM
~ Aluminum, Intel core m5, 1.1 GHz Camera, microphone,
Surenamini | .
titanium, Electrical CPU, 4 GB DDR3, force, IMU, IR, touche,
[132]
CFRP 64 GB eMMC encoder
ASIMO Magnesium Electrical, . Camera, IMU, force,
. Pentium II-M 1.2 GHz . .
[40], [76] alloy hydraulic microphone, tactile
NimbRo- i .
Aluminum, ] Intel i7 2.4 GHz CPU 4 GB
OP2 [133], . Electrical Camera, IMU, encoders
plastics RAM 120 GB SSD
[134]
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Structure Actuators

Robot ] Processing unit Sensors
material type
Aluminum, ) .
HRP-4 [67] . Electrical  Intel Pentium M 1.6 GHz Camera, IMU, force
magnesium
Camera, sonar, laser
REEM-C . : .
Aluminum Electrical  Intel core i7 2.4 GHz scanner, force, torque,
[113], [114]
IMU
Aluminum, . )
Atlas [41] o Hydraulic - Camera, lidar
titanium
HUBO+ ] Camera, force, torque,
Frubber, metal Electrical Intel Atom 1.6 GHz o
[39], [121] inclinometer, IMU

Camera, force, torque,

Lola [135] Aluminum Electrical Intel Core Duo 2.33 GHz

joint, IMU

| Show Table
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B Classification of Humanoid Robots

Within the domain of humanoid robotics, a categorization predicated on scale
delineates differences between adult-sized and child-sized iterations. Adult-sized
humanoid robots, typically exceeding one meter in height and equipped with
bipedal locomotion, embody a diverse array of attributes encompassing
advanced control systems, sophisticated planning capabilities, intricate
mechatronics, comprehensive Al sensing technologies, optimal mobility and
working range, and refined human-robot interaction capabilities. Conversely,
child-sized humanoid robots, epitomized by models such as NAO and Alpha,
materialize as tabletop entities tailored for specific scales and applications,
characterized by a compact form factor conducive to tabletop interactions. Table
Il delves into an analytical examination of the characteristics and application
scenarios associated with these two distinct categories of humanoid robots. It
offers an insightful breakdown of the key differentiating factors, shedding light on
the specific strengths and development prospects of adult-sized and child-sized
humanoid robots. Additionally, Fig. 5 visually supplements this examination by
illustrating system complexity, energy consumption, functionality, interaction
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capability, load capacity, and the volume-to-mass ratio, enabling an

comprehensive and intuitive comparison of performance attributes across varying
sizes. The boundaries of these areas in the diagram are based on the
performance statistics of various types of humanoid robots of different sizes
derived from a comprehensive review of existing research in the field. By
elucidating these factors, researchers and developers can gain a deeper
understanding of the performance distinctions between the two sizes of
humanoid robots, enabling informed decision-making in accordance with their

specific requirements and objectives.
Table lll. Classification of Humanoid Robots

Size

Child size

Adult size

Representative

Advantage

Disadvantage

Application

DARwIn-OP, ROBOTIS-OP3, NAO, Poppy,
Igus, iCub, ARC, Surena mini

Simple structural design; Lightweight; Low
energy consumption; Cost-controlled;
Relatively simple control system.

Basically in situ motion control only; Limited
interaction
capability; Small load capacity.

Low load, small size range, low power
consumption
application scenarios.

ASIMO, NimbRo-OP2, HRP-4,
REEM-C, Atlas, HUBO+, Lola

Strong interactive ability; Strong
versatility; Large load capacity.

Complex structural design;
Heavy mass; Complex control
system; High cost.

Large-load, cross-domain, multi-
tasking application scenarios.
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System complexity Energy consumption
' : Child size

Adult size

Function-— - — — Interaction

Load capacity Volume and mass
Figure 5. Comparison of Child-size and Adult-size humanoid robots

DownLoad: Full-Size Img PowerPoint

C Kinematics, Dynamics and Biomechanics

The intricate complexities intrinsic to humanoid robots, characterized by their
elevated order, intricate interconnections, and non-linear attributes, present
challenges when it comes to precisely addressing the intricacies of kinematics
and dynamics. Furthermore, the absence of fixed reference points and the
potential for collisions during their motion introduce additional layers of
complexity [25], [26]. Classical methodologies, exemplified by the venerable
Lagrange and Newton-Euler equations, find themselves constrained by the
intricate tapestry that envelops these robotic systems. Analytical solutions for
inverse kinematics, reliant on constraints to approximate solutions, often yield
disparities between the intended trajectory and the realized trajectory. To
navigate these intricacies, scholars are delving into alternative avenues,
including neural networks, genetic algorithms, and fuzzy logic, with a focus on
robustness and computational efficiency [159]-[162]. This infusion of novel
paradigms, in harmony with the continuous evolution of computing capabilities,
presents pragmatic pathways for effectively addressing the intricate challenges
inherent in multi-degree-of-freedom humanoid robots.
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D Processing Units

Humanoid robots encompass not only their mechanical structure but also
incorporate one or multiple processing units. The selection of electronic
components for humanoid robots is generally driven by the specific application
requirements, such as autonomy, remote operation, the intended tasks of the
robot, and the associated cost considerations. In the present landscape, a wide
array of processing units are available for integration into humanoid robots. Over
the past decade, advancements in technology have introduced smaller
processing units, prompting many humanoid robot developers to opt for diverse
and compact processing units, particularly mini PCs, especially in competitive

settings [133], [163].

Furthermore, alongside custom-made master boards, commercial master boards
are also widely utilized in humanoid robots. Raspberry Pl boards [164], ARM-
based boards [165], compatible Arduino boards [166], and off-board computing
controls [43] are commonly employed in the development of humanoid robots.
The information presented in Tables | and |l indicates a general trend where an
increase in the number of degrees of freedom of a robot corresponds to an
increase in its size. Consequently, more powerful processing units and higher
power requirements are necessary, leading to elevated costs in the overall
system.

IV. Control, Drive & Decision Making

Compared to human capabilities, there’s a noticeable gap in agility and
autonomy in humanoid robots [167], which this section addresses by discussing
control, actuation, and learning methods to achieve desired behaviors.

A Control of Humanoid Robots

1) Categorization of Humanoid Robot Control Methods: This section offers a
thorough overview of humanoid robot control method categorization,
complemented by Table 1V, which summarizes the classification and distinct

characteristics of current control methods.
Table IV. Control and Learning of Humanoid Robots
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Classification

Example

Characteristic

Traditional
method

Optimization-
based method

Model-based
method

Bionic method

ZMP-based [168],
dynamical model-

based [169]

PSO [170], CFO
[171], MPC [172],

TO [173]

Balance strategy

[174], real-time
feedback [175],
VGC [176]

CMAC [177], CPG

[178]

Traditional method allows for stabilization but does not
apply to environments where obstacles are present and lack
the exploration of optimal control.

Optimization-based methods can achieve better gait but are
challenging to apply to complex environments.

Model-based control methods employ dynamic models of
robots and their environments to compute optimal control
commands, but model applicability is poor.

Bionic methods utilize biological properties and can be
planned from human control principles, but is dependent on
a specific environment.

Reinforcement
learning

Demonstration
learning

Model-free [179],
model-based [180]

BC [181], IRL
[182

Reinforcement learning starts with a random policy and
gradually updates it based on reward feedback from the
environment to achieve a specific goal, but the difference
between the simulation environment and the actual
environment leads to low practicality.

Demonstration learning imitates expert behavior that
facilitates rapid acquisition of human motor skills, but still
presents challenges in terms of strategy generalization,
dataset dependency, and simulation-to-real-world
transition.

| Show Table

DownLoad: CSV

a) Traditional control methods: The foundation of humanoid robot control rests on
traditional control methods, exemplified by the zero moment point (ZMP)-based
method [168] and the dynamic model-based method [169]. The ZMP-based
approach excels in generating stable gait patterns but faces limitations related to
walking speed and robustness. Conversely, the dynamic model-based method
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offers excellent stability and lower computational complexity, albeit with
applicability often confined to idealized flat terrain for modeling and control.

b) Optimization-based control methods: Optimization-based locomotion control
methods have revolutionized humanoid robots, allowing precise control of a wide
range of movements. By framing challenges as real-time optimization, these
methods include techniques like particle swarm optimization (PSO) [170], central
force optimization (CFO) [171], model predictive control (MPC) [172], and
trajectory optimization (TO) [173]. Whole-body control (WBC) blends upper and
lower body tasks, prioritizing task execution while respecting constraints. Recent
MPC advancements enhance real-time adaptability and efficiency. Contact
planning, terrain adaptability, and balancing strategies optimize interaction with
the environment. Distributed control streamlines complex problems, integrating
sensors and actuators throughout the robot. Online perception and task
hierarchies enhance adaptability, while machine learning refines control in
dynamic environments. In conclusion, recent advances in optimization-based
motion control for humanoid robots have significantly enhanced their capabilities
in terms of balance, adaptability, versatility, and real-time decision-making.
These developments pave the way for humanoid robots to perform a broader
range of tasks in various environments.

¢) Model-based control methods: Model-based control methods employ dynamic
models of robots and their environments to compute optimal control commands,
ensuring precise and stable movements. The balance strategy method based on
human body data [174] enables adaptive strategies to cope with diverse
disturbances. The real-time feedback method [175] stabilizes walking while
dynamically adjusting gait in real-time, though it may have limitations in
transferability. The virtual gravity compensation (VGC) method [176] facilitates
stable walking on uneven terrain and in the presence of disturbances.

d) Bionic control methods: Bionic control introduces two significant components:
the cerebellum-model-articulation controller (CMAC) [177] and the central pattern
generator (CPG) [178]. CMAC distinguishes itself through robustness in handling
noise and interference. Conversely, CPG exhibits broad applicability but presents
challenges related to parameter tuning.

e) Learning-based control methods: The advent of machine learning and deep
reinforcement learning, exemplified by techniques like deep reinforcement
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learning (DRL), has revolutionized humanoid robot control. These methods
empower robots to acquire complex motor skills, adapt to uncertain
environments, and enhance locomotion capabilities by learning from data and
experience.

2) Advancements in Humanoid Robot Control Domains: The present state of
research in control has yielded substantial progress across various domains.
This section provides a comprehensive overview of these advancements:

a) Locomotion control: Achieving bipedal locomotion stands as a fundamental
challenge in humanoid robotics. Humanoid robots emphasize legged
movements, particularly bipedal gait, closely mirroring human walking patterns
[50], [183], [184]. They aim for omnidirectional walking adaptable to various
speeds and terrains, seeking versatile, dynamic, and dependable locomotion
[42], [185], [186]. Controlling omnidirectional walking poses challenges in
complex scenarios and harsh environments, and necessitates thorough
kinematic analysis and robust walking engine development [20]. Bipedal walking
in humanoid robots includes open-loop and closed-loop walking engines [131],
making it a prominent research area [187]. Recent research explores simplified
algorithms based on robust regression for trajectory tangent estimation and
temporal similarity and smoothness optimization. Additionally, MPC, initially
designed for autonomous driving, has found application in humanoid robot gait
control, regulating centroid position and posture [188], [189]. Researchers also
explore diverse locomotion strategies, spanning activities such as walking,
running, stair climbing, and traversing rough terrains.

b) Balance and stability control: Minimal energy consumption during ideal motion
planning in humanoid robot walking necessitates meticulous consideration of
motion balance and stability [187], [190]. Research efforts focus on enhancing
balance control through advanced algorithms that integrate various sensory
inputs, including inertial measurement units (IMUs) and vision. Various stability
criteria apply, including the position of the robot’s center of mass (COM) and
center of pressure (COP) within a convex region of foot support, ensuring
stability [183], [191]. Quasi-dynamic walking approximates dynamic walking while
simplifying dynamics, relying on the concept of zero moment points (ZMP) [184],
[192], [193]. ZMP balances computational complexity and stable motion,
enhancing energy-efficient locomotion [22]. Progress has been made in dynamic
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walking, inspired by passive dynamic walking (PDW), optimizing equilibrium
stability through probabilistic reinforcement learning and other approaches.

c) Behavior control: Behavioral control poses a pivotal challenge in humanoid
robot control, encompassing autonomous, semi-autonomous, and remote control
methods [194]. Researchers explore diverse artificial intelligence approaches
within autonomous and semi-autonomous behavioral control systems [195].
Complex tasks demand intelligent decision systems, with key research directions
including path planning, footprint planning, and navigation for autonomous and
semi-autonomous humanoid robots [196]. Navigating complex environments
involves addressing self-collision detection, path planning, and obstacle
avoidance [195]. Humanoid robots, leveraging their bipedal nature, can
overcome obstacles and navigate stairs and ladders in rugged terrains [24], [40],
[67], [76]. However, achieving a suitable solution in dynamic environments
remains an ongoing pursuit. In the case of remotely controlled robots, complex
tasks often demand intricate decision-making systems, leading to remote control
approaches.

In addition to these areas, current research developments in other domains are
described below: Real-time control in humanoid robots has significantly
improved, enabling efficient execution of complex tasks. Control algorithms
rapidly process sensory information and adapt to changing environments.
Humanoid robots maintain balance even in challenging situations, such as being
pushed or on uneven terrain. State-of-the-art control algorithms utilize predictive
control strategies to ensure dynamic stability [172], [197], [198]. Research has
enhanced humanoid robots’ adaptability to unforeseen circumstances. Learning-
based approaches enable robots to recover from disturbances and adapt to
varying conditions, increasing their versatility [199]-[201]. Control research has
expanded to include more complex manipulation tasks [202]. Integration of
advanced sensors, including lidar, cameras, and tactile sensors, has heightened
the perception and decision-making capabilities of humanoid robots [203].
Control algorithms effectively utilize these sensors for tasks such as object
recognition and navigation [204], [205]. Control research extends its purview to
enhancing human-robot interaction (HRI), encompassing the development of
control algorithms that facilitate natural and secure interactions between robots
and humans [206]-[208]. This includes shared workspaces, assistive device
scenarios, and collaborative tasks.
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B Actuators of Humanoid Robots

Humanoid robots are meticulously designed to replicate the intricate structure of
the human body, allowing their actuators to emulate human muscles and joints,
thereby enabling lifelike movements [209]. Actuators in humanoid robots are
categorized into various types, each with distinct pros and cons that influence the
robot’s performance, efficiency, and design intricacies.

Electric actuators, encompassing both brushed and brushless DC motors, impart
precise control, robust torque, and efficient energy utilization within compact
dimensions. Their ability to recapture energy during deceleration is noteworthy.
Yet, their potential heftiness necessitates sophisticated control strategies for
versatile motion [121]. Pneumatic actuators, exemplified by muscular
mechanisms, imbue the robot with lightweight and adaptable motion,
characterized by heightened force-to-weight ratios. However, their reliance on a
continuous supply of compressed air incurs a trade-off in energy efficiency [165].
Hydraulic actuators excel in demanding tasks and dynamic maneuvers,
surpassing specific pneumatic counterparts in terms of efficiency.
Notwithstanding their prowess, hydraulic actuators exhibit dimensions that can
be substantial, necessitate hydraulic fluid, and involve intricate control paradigms
[121], [210]. Shape memory alloys (SMAS) introduce an avenue for lightweight
and noiseless actuation, albeit with restricted force and response time
capabilities, thereby necessitating intermittent cooling intervals. Cable-driven
actuators facilitate expansive and agile motion, albeit entailing intricate
kinematics and considerations regarding friction. Compliant actuators, typified by
series elastic actuators (SEAS), ensure safety and energy storage attributes,
despite potentially incurring minor trade-offs in accuracy and efficiency when
juxtaposed with rigid alternatives [154].

Selecting actuators hinges on specific application, performance requisites, weight
constraints, safety concerns, and desired complexity level. Designers often
navigate trade-offs to achieve an optimal equilibrium between factors like
precision, force, efficiency and adaptability [164], [211].

C Learning of Humanoid Robots

Humanoid robots strive to imitate human thinking and behavior. They learn from
their surroundings, autonomously perform various tasks, and adapt to different
environments, whether planned or unpredictable [212]-[214]. For a
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comprehensive overview, Table IV summarizes the classification and distinct
characteristics of current learning methods for humanoid robots.

1) Reinforcement Learning (RL): RL is a decision-making paradigm that models
problems as a Markov decision processes (MDP). In RL, the agent initially
employs a random policy and iteratively updates it based on reward feedback
from the environment to achieve specific goals [215], [216]. Traditional RL
methods, such as Q-learning [217], [218] and policy gradients [53], have been
successfully applied to gait control in humanoid robots. Furthermore, the advent
of DRL, which combines the decision-making capabilities of RL with the
perceptual capabilities of deep learning, has significantly expanded the
application of RL in robotics [219].

RL can be classified into two types: Model-based and model-free, depending on
whether the state transition probabilities and rewards are known. Model-free RL
methods optimize policies through iterative interactions with the environment,
learning through trial and error [220]. Two major types of model-free RL
algorithms, namely value-based and policy-based, have been employed in
various studies [179], [221]-[223]. Model-based RL methods [180], [224] learn to
simulate the environment using models and receive feedback. By utilizing
learned environments, exploration and policy search can be guided, resulting in
lower sample requirements and higher efficiency [224]. The model-free approach
enables agents to directly learn from robot experience, but necessitates re-
exploration when the task or environment changes. On the other hand, the
model-based approach requires less exploration and exhibits strong
generalization capabilities, but the acquisition and learning of the model itself is
challenging. Consequently, some researchers strive to combine these two
methods to complement each other [225]-[227].

However, conducting RL solely through trial and error in the real environment is
not only perilous but also inefficient. Transfer learning from simulation to the real
world introduces challenges in the sim-to-real transfer [228].

2) Demonstration Learning: Demonstration learning is a prevalent method in
humanoid robotics for swift acquisition of human skills [229]-[231]. This approach
involves emulating expert behavior through demonstration data to learn tasks
efficiently. In contrast to trial-and-error RL, learning from demonstration
resembles supervised learning, employing samples to expedite learning,
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minimize exploration errors, and enhance agent safety [58]. Guided by
demonstrations, agents avoid stagnation and achieve faster convergence.
Furthermore, demonstration learning imparts robots with insights into human
intentions and behaviors, amplifying their interaction capabilities with humans

[232]-[234].

Demonstration learning involves two primary methods: behavior cloning (BC) and
inverse reinforcement learning (IRL) [235]-[237]. BC derives policies directly
from provided datasets, suited for deterministic tasks. Techniques like the
Gaussian mixture model (GMM), hidden Markov model (HMM) [238], [239], and
dynamic movement primitive (DMP) [240] are widely used for trajectory
modeling. However, BC is constrained to replicating simple tasks and faces
difficulties with untrained tasks [181], [241], [242]. IRL learns reward functions
from expert demonstrations and employs RL to find optimal policies. The reward
function derived through inverse reinforcement learning exhibits greater
adaptability to different task environments compared to the policy itself. It
encompasses linear programming IRL [243]-[245], apprentice learning based on
maximum marginal formalization [182], [246]-[248], maximum entropy IRL [249]-
[255] and relative entropy IRL [256] based on probabilistic model formalization,
and generative adversarial imitation learning (GAIL) inspired by generative
adversarial networks (GANS) [257], [258]. GAIL directly learns policies from
expert trajectories without explicit reward functions [259]-[261]. While IRL have
been explored, substantial task or robot model changes may necessitate
relearning, presenting implementation challenges.

Simpler demonstration learning falls short for complex tasks, as it requires an
extensive dataset covering the entire task’s state space. This often leads to
limited agent adaptability, especially for new tasks not present in the training
data. Additionally, creating a flawless demonstration dataset is costly. To tackle
these issues, a combination of demonstration learning and reinforcement
learning has been proposed to enhance agent adaptation and generalization
[262], [263]. However, further research is needed to improve policy extension
and generalization for intricate tasks. While current research has targeted
specific aspects of humanoid robots, comprehensive exploration of the
cooperative behaviors of complete humanoid robots is crucial [264], [265]. It is
noteworthy that while simulation advancements are evident, ensuring secure
transition from simulation to the real world remains a challenge.
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In conclusion, demonstration learning is pivotal in humanoid robotics for swift skill
acquisition, safer operation, and enhanced human interaction. Behavior cloning
and inverse reinforcement learning are prevalent approaches. While behavior
cloning suits deterministic tasks, it struggles with intricate or new tasks. Inverse
reinforcement learning overcomes these limitations by learning rewards and
optimizing policies. Challenges persist in policy generalization, dataset reliance,
and simulation-to-real-world transition. Future research should target these
challenges, boost agent adaptability, and explore complete humanoid robot
cooperation.

V. Perception & Interaction

The perception and interaction capabilities of humanoid robots are explored in
this section. It discusses the sensory systems, perception algorithms, and
interaction modalities utilized by humanoid robots to understand and engage with
environments.

A Sensors and Perception of Humanoid Robots

Sensors play a crucial role in enabling robots to perceive and interact with the
external world. Effective fusion and utilization of sensor information serve as the
foundation for sensor-based control and are prerequisites for humanoid robots to
possess human-like sensing capabilities [266]-[269]. The development of high-
performance sensors is essential for enabling humanoid robots to understand
and adapt to complex environments while operating with precision and flexibility.

1) Visual Perception: Robot vision research is a distinct discipline due to its
significance and complexity. Visual perception information processing serves as
a primary technical means for robots to perceive the external world and forms the
basis for constructing interactive systems within the human-robot environment.
Vision algorithms are essential for extracting relevant information in real-time
from acquired images [216], [254], [270], [271]. The two commonly used vision
systems in humanoid robots are monocular and stereo vision systems. While

monocular vision systems do not provide precise environmental information
[272], stereo vision systems allow the robot to measure the distance to a target,
enabling tasks such as detection and obstacle avoidance [273]-[276]. Robot
vision still presents various unresolved challenges, including walking vision
guidance [144], teleconferencing [277], and stereo vision [278].

92


javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;

2) Inertial Measurement Units (IMUs): Another essential sensor for humanoid
robots, based on their bipedal nature, is the IMU. An IMU combines
accelerometers, gyroscopes, and magnetometers to measure and report body-
specific forces, angular velocities, and surrounding magnetic fields [279], [280].
In humanoid robots, the IMU is typically attached to the upper body and
measures angles and angular velocities relative to the ground in the sagittal and
frontal planes. The data generated by the IMU is initially aligned using filtering
algorithms and then utilized in the development of a walking engine [131].

3) Multi-Sensor Fusion Perception: While programming can be sufficient for
humanoid robots working in known environments with specific accuracy
requirements, equipping them with a variety of sensors becomes crucial when
operating in unstructured and complex environments [211], [281]. Humanoid
robots utilize a range of sensors to support tasks such as path planning,
mapping, and localization in uncertain and dynamic environments. Commonly
used sensors include ultrasound [282], infrared [283], laser scanners [284], [285],
camera-based vision [273], tactile sensors [286], [287], pressure sensors [288],
and IMUs [279], [280]. By fusing visual feedback signals with sensor signals such
as position, force/torque, and haptics, precise control of the robot in unstructured
and complex environments can be achieved [289], [290].

In conclusion, sensors serve as vital tools for robots to acquire information from
the environment. Vision systems, including monocular and stereo vision, play a
significant role in perceiving the external world. IMUs provide crucial data for
understanding the robot’s orientation and motion. Moreover, the fusion of multiple
sensor modalities allows humanoid robots to navigate and interact effectively in
complex and unstructured environments, providing precise control and enabling
tasks such as grasping and impedance control. Ongoing research in sensor
development and fusion techniques is essential to further enhance the sensing
capabilities of humanoid robots.

B Human-Robot-Environment Interaction

Operating alongside humans, humanoid robots necessitate versatile interaction
systems for effective engagement with their environment. Within the “human-
robot-environment” framework, their capacity to perceive, comprehend, and
respond to surroundings is pivotal [41], [61], [153]. To establish natural
interactions, they emulate human attributes through physical, cognitive, and

93


javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;

perceptual means. Equipped with sensors and perception systems, robots gather
and process data for appropriate responses. Advanced sensing technologies like
vision systems and multi-sensor fusion ensure accurate environmental data
[291], [292]. Beyond physical interactions, humanoid robots communicate
through gestures, expressions, voice, and mobile controls. Communication
technologies, including mobile and wearable devices, provide adaptable control
[11], [140], [293]. This interaction framework underscores integration with the
environment, striving for seamless interactions in diverse scenarios. It
emphasizes adaptability, learning, and ongoing knowledge acquisition,
enhancing versatility for effective navigation and responses in dynamic and
unstructured surroundings [294].

In essence, the “human-robot-environment” system underscores the vital
interaction and integration between humanoid robots, humans, and their
surroundings. This encompasses physical, cognitive, and perceptual interactions,
as well as adaptability and learning from the environment. Humanoid robots
strive to be natural companions in areas such as service, healthcare, and social
interaction by cultivating fluid and harmonious interactions.

VI. Potential Applications

This section introduces potential applications of humanoid robots, illustrating their
versatility and potential growth. Fig. 6 provides an overview of the diverse fields
where humanoid robots hold significant promise.
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Figure 6. Potential applications of humanoid robots.
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A Competitions

Competitions evaluate humanoid robots through specific tasks based on defined
criteria, providing comprehensive assessments of robotic abilities. The FIRA
competition concentrates on essential aspects like robot stability, intricate motion
planning, and human-robot interaction, highlighting the adaptability and resilience
of robot hardware and software [295]. The HuroCup league strives to craft
versatile humanoid robots adept at various tasks within intricate settings, often
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likened to the “Olympics of robotics” [82], [296]. In contrast, the RoboCup
competition, categorized by humanoid body structures, presents robotics
enthusiasts with soccer tournaments that pose unigue challenges [297]. The
DARPA robotics challenge centers on robots executing tasks for disaster relief
[298]-[300]. In summary, competitions serve as a mechanism to facilitate the
enhancement of technological prowess in humanoid robots across various real-
world scenarios, ultimately propelling advancement and implementation.

B Daily Life

Humanoid robots possess immense potential in the realm of living services,
assuming a friendly role and fulfilling various tasks [29], [158], [301]-[303]. This
application of humanoid robots has the capability to establish a new industry and
market, effectively addressing the challenges posed by an aging society and
mitigating the scarcity of young labor in the realms of home services and
healthcare [153], [304]-[306]. Leveraging their human-like appearance,
humanoid robots offer captivating and distinctive experiences within the
entertainment and hospitality industry [57], [307], [308]. They can serve as
entertainers, performers, or guides in venues like theme parks, museums, and
exhibitions, enhancing visitor experiences and automating routine tasks in the
hospitality sector [309], [310]. Moreover, humanoid robots play a transformative
role in education, revolutionizing the learning process as interactive and adaptive
teaching assistants. They engage students in interactive learning activities,
facilitate personalized learning experiences, and provide tutoring support [311],
[312]. Additionally, humanoid robots find valuable applications in research
settings, enabling the exploration of human behavior, cognition, and social
interaction, thereby contributing to advancements in fields such as psychology,
neuroscience, and social sciences [313].

C Search and Rescue

The perilous and complex environments encountered during disaster situations
present challenges for human involvement, highlighting the need for highly
adaptable humanoid robots capable of substituting humans in rescue operations.
Equipped with advanced mobility and sensing capabilities, humanoid robots can
be deployed in search and rescue missions. They excel in accessing hazardous
or inaccessible areas, navigating through debris, and locating and assisting
survivors during natural disasters or emergencies. The humanoid form grants
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them the ability to manipulate objects and perform tasks in environments that
prove arduous for traditional robots. Moreover, humanoid robots offer a stable
and safe alternative to humans in operational tasks carried out in hazardous
environments such as nuclear management, mining, and astronomical navigation

[299].

D Military and Exploration Missions

Humanoid robots hold tremendous potential in the realm of military applications,
challenging the prevailing paradigm of warfare. They can replace humans in
environments marked by radiation, dust, and toxicity, performing perilous tasks or
offering assistance in search operations. Additionally, humanoid robots have the
capacity to support exploration missions in space and extreme environments.
Their adaptability, mobility, and human-like manipulation abilities render them
well-suited for aiding astronauts, conducting scientific experiments, and carrying
out maintenance tasks in space stations or during planetary exploration missions
299].

E Industrial and Manufacturing

Humanoid robots can be employed in industries for repetitive and labor-intensive
tasks, improving productivity and efficiency. They can collaborate with humans,
providing assistance in activities such as assembly, packaging, and material
handling. Equipped with advanced sensors and dexterous manipulators,
humanoid robots can also contribute to complex manufacturing operations,
including precision assembly and quality control [82], [296].

F Healthcare and Assistance

In the healthcare sector, humanoid robots assume a crucial role by providing
valuable assistance to both patients and healthcare professionals. They can
contribute to the medical rehabilitation of individuals with reduced mobility,
playing a significant part in patient care [314], [315]. Humanoid robots offer
support to individuals with disabilities or the elderly in various activities of daily
living, including medication reminders, mobility assistance, and personal care.
Furthermore, they can assist healthcare providers in tasks such as patient
monitoring, data collection, and telemedicine, leading to reduced workloads and
improved healthcare delivery. Moreover, humanoid robots hold the potential to
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function as prostheses, aiding paralyzed patients in realizing their aspiration to
walk [60], [194], [301].

The extensive array of potential applications outlined for humanoid robots
underscores their versatility and capacity to contribute significantly across
diverse fields. Continued research and development in humanoid robotics will
further unlock their potential and pave the way for their integration into various
industries, shaping the future of human-robot collaboration and interaction.

VIIL. Future Development Trends and Challenges

This section discusses the future trends and challenges, offering insights into
research and development directions and identifying key obstacles for advancing
the field.

A New Challenges

In recent years, humanoid robotics has experienced significant growth, driven by
increased interest, investments, and research advancements. Notable events,
like Honda discontinuing ASIMO and Boston Dynamics changing ownership,
underscore the dynamic nature of the field. While bipedal robots have made
progress, their future is marked by uncertainty and complexity, with technical,
financial, market, and societal challenges [316], [317]. Summarizing these
limiting factors is vital for guiding research, resource allocation, and decision-

making [318].

1) Biological Mechanism: The understanding of the biological mechanism behind
humanoidism remains limited, resulting in a lack of comprehensive knowledge
and simplistic models. The complexity of the biological mechanism has yet to be
fully revealed and understood.

2) Biological Structure: The mechanical structure of humanoid robots is designed
and driven in a conventional manner, lacking the rationality and intricacy of the
human body structure. There is a need to develop mechanical structures that
more accurately replicate the sophistication and functionality of the human body.

3) Biological Material: The research on new biological materials with high
performance is insufficient, and the existing findings have not been effectively
applied and widely disseminated. Further exploration and utilization of advanced
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biological materials are necessary to enhance the capabilities and performance
of humanoid robots.

4) Biological Control: The control and learning methods employed in humanoid
robotics often rely on traditional approaches, with limited breakthroughs in the
utilization of biological control methods such as neural control and myoelectric
control. A deeper understanding of brain-like intelligence mechanisms and
biological neuroscience is crucial to unlocking the full potential of humanoid
robots.

5) Biological Energy: The research on biological energy conversion mechanisms
in humanoid robots is not sufficiently profound, resulting in low energy utilization
rates and high energy consumption. Further investigations into the efficient
conversion and utilization of biological energy sources are essential to enhance
the energy efficiency of humanoid robots.

6) Technological Complexity: Developing humanoid robots with natural
movements demands advanced control and sensing technologies. Addressing
challenges like stable bipedal motion and human-like interaction require progress
in sensor tech, Al, and mechatronics, along with interdisciplinary collaboration.

7) Energy Efficiency: Bipedal robots’ high energy demands call for more efficient
power systems and energy management. Advancements in battery tech hold
potential to extend robot runtime, enabling broader applications.

8) Costs: High development and maintenance costs limit commercial adoption.
Future research should optimize manufacturing, materials, and production for
cost reduction and wider usage.

9) Application Domains: Despite potential applications in areas like emergency
response and healthcare, robot performance, safety, and costs must align with
specific needs. Collaborative research and industry partnerships are vital for
broader adoption.

10) Machine Learning and Al: Advancing machine learning and Al is crucial for
enhancing robot autonomy and adaptability.

11) Legal and Ethical Issues: As robots integrate into society, ethical and legal
concerns arise. Future research should focus on regulations and ethics to ensure
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lawful and ethical robot use, necessitating interdisciplinary work and responsible
advancement.

12) User Acceptance: Future developments should enhance robot appearance,
movements, and communication to improve user acceptance and interaction.

13) Fault Tolerance and Safety: Ensuring robot stability and safety is critical.
Collaborative efforts in technology and regulation are essential for reliable, safe
robot deployment in various applications.

Table V provides a comprehensive overview of key technologies and challenges
for the future progress of humanoid robots. Tackling these challenges
necessitates interdisciplinary collaboration and advancements in areas like

biology, materials science, control systems, and energy conversion.
Table V. Key Technologies and Challenges of Humanoid Robots

Key technology Challenge

Biological . . . .
9 ) \/\/ Accurate modelling of biological movement mechanisms
mechanism
\/ \ Prototypes of humanoid robots are far from what humans can actually
do
The human body is a very complex system and each of its motor functions is
acted upon by multiple factors such as the skeletal, muscular and nervous
systems.
The existing experimental conditions and research methods for the study of
biological mechanisms do not fully meet the requirements for the observation
of the corresponding biological movement patterns.
The study of biological mechanisms requires close and long-term
multidisciplinary cooperation.
Biological .
J \/\/ Movement mechanism
structure

Rigid and flexible organizational structure
Strong motion performance and environmental adaptability
The human body has the characteristics of flexibility, high energy efficiency

and lightweightness.
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Key technology

Challenge

Biological
material

Biological
control

Biological
energy

Complexity,
cost and

application

Acceptance and
security

/N Driving

Biological drive systems can generate enormous amounts of energy by
consuming only minute amounts of chemical substances, combined with the
appropriate bio-conversion methods.

\/\/ Biomimetic materials have the most rational macro and micro structures

Biomimetic materials are self-adaptive and self-healing and are optimal in
terms of overall properties such as specific strength, specific stiffness and
toughness.

The use of biomimetic materials allows for excellent properties such as bio-
damping, wear resistance, fatigue resistance, anti-adhesion and self-cleaning.

\/\/ Biological control system

Biological control aims to achieve accurate positioning and flexible motion
control by truly simulating biology.

\/\/ Excellent environmental awareness
\/\/ Human-like decision-making capacity

\/\/ Most humanoid robots suffer from low energy utilisation and high
energy consumption

The conversion of biological energy involves the microstructure of
organisms and the related chemistry and physics of many disciplines.

The high energy demands of robots call for more efficient power systems and
energy management.

\/\/ Interdisciplinary collaboration

\/\/ High development and maintenance costs
\/\/ Specific needs according to the application of humanoid robots

\/\/ The development of humanoid robots need to improve user acceptance
and interaction
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Key technology Challenge

Legal and ethical constraints can make humanoid robots more acceptable to
the public.

The fault tolerance and safety of the robot are critical factors for user
acceptance.

| Show Table

DownLoad: CSV

B Future Development Trends

Humanoid robotics research hinges on understanding biology and
interdisciplinary collaboration. Challenges are surmountable through technology,
cost-efficiency, and regulations. Innovations in materials, batteries, and Al will
strengthen bipedal robots, enhancing energy efficiency and adaptability, with
their future dependent on breakthroughs, cost-effectiveness, and broader
applications, yielding significant societal benefits.

1) Biological Mechanism: The profound study of human anatomy, physiology,
and coordination provides invaluable insights into the fundamental principles
governing human capabilities [319]. This knowledge serves as the foundation for
developing humanoid robots with enhanced functionality and lifelike
characteristics. The field of biomimetic mechanisms has evolved from the macro
level to the micro level, with ongoing biological research unraveling the intricate
mechanisms that govern humanoid robots [320]. Despite significant progress, the
current intelligence exhibited by humanoid robots falls short of human capabilities
[321]. Hence, future research focuses on advancing brain-like intelligence
technologies that emulate the human nervous system, aimed at replicating
human-like cognitive behavior and intelligence through neural and cognitive-
behavioral mechanisms. The ultimate goal is to equip humanoid robots with a
range of human-like cognitive abilities, surpassing current intelligence levels [48],
[49], [322]. This pursuit integrates insights from biology, neuroscience, and
robotics, unlocking the potential for advanced cognitive capabilities in humanoid
robots, bringing them closer to the realm of human intelligence [14], [318], [323].

2) Biological Sensing and Perception: The future of humanoid robotics is set to
undergo a profound transformation with the emergence of highly accurate and
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affordable sensors. These sensors will play a pivotal role in enabling advanced
functionalities and capabilities within humanoid robots. By providing precise and
reliable data from both the robot’s surroundings and its internal systems, these
sensors will enhance perception, interaction, and decision-making processes.
Their impact will extend across various domains, including human-robot
collaboration, autonomous navigation, and intelligent manipulation tasks [216].
Furthermore, the affordability of these sensors will foster widespread adoption,
making humanoid robots more accessible and applicable in real-world scenarios.
In summary, the development of accurate and cost-effective sensors holds
immense promise in unlocking the full potential of humanoid robotics and
shaping its future trajectory [268], [269]. Intelligent sensing and perception form
the cornerstone of human-robot, robot-robot, and robot-environment interactions,
with key research directions encompassing multi-sensor information fusion,
object perception, and recognition technologies [320]. By harnessing the
collective information from vision, hearing, touch, and other sensor modalities,
robots can surpass human perceptual capabilities and adapt to complex and
unstructured environments [211], [267], [288]. Leveraging the strengths of
multiple sensors through rationalized utilization, robots achieve a coherent

interpretation and description of the observed environment. Object perception
and recognition technologies offer efficient computation and accurate

identification. The future of humanoid robot cognition and perception relies on
advancements in sensor technology, artificial intelligence, and computational
performance, driving the intelligent evolution of humanoid robots [324]-[326].

3) Biological Structure: Bionic structures in humanoid robots have evolved from
rigid to integrated designs that combine rigidity and flexibility. This integration
allows for more natural movements resembling humans, enhancing versatility
and adaptability. By incorporating flexible elements, humanoid robots achieve a
balance between stability and agility, enabling them to perform complex tasks
efficiently. This progression signifies a significant advancement in humanoid
robotics, as robots can now better emulate human behaviors and exhibit
enhanced capabilities.

a) Architecture design: The architecture design of a humanoid robot is crucial as
it defines the relationships and distribution of its components. It determines how
information flows and how the robot’s processing and control system is
structured. Achieving robot autonomy relies on careful architecture design, which
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is essential for reaching this goal. Addressing architectural aspects and providing
guidance is highly valuable in theory and practice [69], [155], [157], [158].

b) Mechanical structural design: The mechanical design of a humanoid robot is
important for its acceptance and human-like appearance [153]-[155]. Achieving
intelligence, versatility, adaptability, and flexibility of movement is crucial.
Humanoid robots are complex systems with multiple joints and degrees of
freedom. The challenge is to optimize the structure while ensuring the desired
functionality [69], [156], [308].

c) Advanced actuators: Traditional motor-driven methods are commonly used in
humanoid robots, but they have limitations like restricted movement, limited load
capacity, and heat generation. New hydraulic actuators have been explored to
increase load capacity, but their high cost limits their widespread use. Atrtificial
muscles that simulate human muscle-driven joint movements through airbag
inflation and deflation are also being developed, but they have drawbacks like
slow movement and low control accuracy. Advancing actuator technologies is
crucial to improve load capacity and motion performance in humanoid robots
209].

4) Biological Materials: The future of humanoid robots involves the incorporation
of biological materials, which will revolutionize their design and functionality.
These materials imitate the structure and properties of biological systems,
enabling robots to replicate human movements with enhanced precision and
dexterity. The development of biomimetic materials has progressed from
traditional approaches to encompass integrated structures, driving mechanisms,
and material integration [269], [327], [328]. By leveraging the principles and
interactions observed in biological systems, these materials provide technical
support for robots to achieve human-like behavioral functions while optimizing
energy consumption, efficiency, and adaptability to the environment [325], [326],
[329]. The advancement of materials and the improvement of precision in
manufacturing and component assembly are crucial considerations in the
development process [154], [268]. In-depth research and application of
biomimetic materials and structures will pave the way for advancements in bio-
mechanical-electrical integration technology, bionic control theory, and bionic
drive systems, among other related fields [320], [330], [331].
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5) Biological Control: The future of humanoid robot control is promising, driven by
advances in control systems and Al. Collaboration between robotics engineers
and control experts will be key to developing advanced algorithms that mimic
human-like control mechanisms, enhancing robot capabilities. However,
achieving the finesse and adaptability of human motion remains a formidable
challenge. Currently, humanoid robots lack full autonomy and depend on
preprogrammed instructions and external input [14]. Achieving full autonomy
requires significant advancements in Al and robotics. Future trends in humanoid
robot control include a focus on key areas:

a) Optimization-based control: In the realm of optimization-based locomotion
control for humanoid robots, future trends include improving real-time
adaptability, refining motion quality, and prioritizing multi-objective optimization.
Adaptive terrain recognition, enhanced human-robot collaboration, and the
integration of deep learning techniques will further shape this field.
Interdisciplinary collaboration and real-world testing are expected to push the
boundaries of adaptability and versatility in humanoid robotics [294], [332], [333].

b) Thinking and decision making: The evolution of biomimetic control is moving
towards brain-like intelligence and fine-grained neuron-level control [14]. Future
trends in thinking and decision-making for humanoid robots involve
advancements in cognitive computing, Al, natural language processing, and
machine learning. These robots will become more autonomous and adept at
interacting with humans. They’ll leverage big data and adhere to ethical
considerations [220], [334].

c¢) Continuous learning: The future of learning control for humanoid robots holds
promising developments. Deep reinforcement learning and the fusion of learning
with optimization methods will enhance adaptability and performance in real-
world scenarios [58], [214]. Autonomous learning, advanced perception, and
standardized evaluation metrics will drive progress. Humanoid robots will
become more autonomous, versatile, and capable in various domains [322],
[335]. Future developments emphasize continuous learning, enabling robots to
adapt and acquire new skills as they encounter different environments.

d) Remote control: Future trends in remote control for humanoid robots include
improved teleoperation interfaces, reduced latency through advanced
communication technologies, augmented reality integration, autonomous
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features, and standardization. These advancements will enhance the versatility
and usability of humanoid robots in various applications [30].

e) Dynamic multi-objective optimization: Dynamic multi-objective optimization
techniques are being explored to improve performance in various aspects [336].
Achieving a balance between stability, speed, cost, safety, efficiency, and
adaptability in dynamic, complex environments remains a challenge [337].
Developing robust, real-time optimization algorithms will be essential for quick
adaptation to environmental changes [338].

f) Autonomy: Advancements in autonomy will reduce the reliance on
teleoperation, empowering robots to make independent decisions in unstructured
environments.

g) Safety and ethics: Ensuring the safety and ethical use of humanoid robots,
particularly in sensitive domains like healthcare and caregiving, remains a
significant challenge. Control algorithms will need to incorporate safety measures
to prevent accidents.

h) Human-like dexterity: Achieving human-level dexterity in robot hands is an
ongoing challenge. Research will focus on improving control algorithms for fine-
grained manipulation and complex tasks.

i) Energy efficiency: Enhancing energy efficiency is crucial for practical
applications of humanoid robots. Future control algorithms will need to optimize
energy consumption to extend operational durations.

J) Interdisciplinary collaboration: Collaboration with fields such as neuroscience
and biomechanics will continue to inform humanoid robot control research,
leading to more human-like control strategies.

k) Regulation and standardization: As humanoid robots become more prevalent,
there will be a growing need for regulation and standardization in control systems
to ensure safety and interoperability across different platforms.

The convergence of these challenges and trends will shape the next phase of
developments in humanoid robot control, enabling robots to perform increasingly
sophisticated tasks and interact more naturally with humans across diverse
contexts.
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6) Biological Energy: Advancements in energy conversion technologies are
crucial towards addressing the high energy consumption and low energy
utilization rate in humanoid robots [339]. Research should focus on efficient
mechanisms for converting and utilizing biological energy sources to power these
robots. By studying biological energy conversion mechanisms and developing
innovative solutions for energy storage and management, humanoid robot
systems can become more energy-efficient. Currently, portable rechargeable
battery packs, such as Li-PO batteries, are commonly used to power humanoid
robots due to their high energy density, small size, and fast recharge cycles
[340]-[342]. In some cases, portable generators are also utilized [42]. Optimizing
energy consumption in humanoid robots is an active area of research, with
efforts focused on parameter optimization and improving drive sources to make
them smaller, lighter, and higher in capacity. The ideal energy source for
humanoid robots should possess high energy density, high temperature
resistance, corrosion resistance, renewability, and low cost. However, the current
capacity of self-contained energy sources is limited, and the development of
humanoid robots with multiple joints presents the challenge of improving the
drive source. Solving these challenges will contribute to the advancement of
humanoid robot development [343]-[346].

7) Software System: In recent years, there has been a focus on reducing
software development efforts in humanoid robots through the introduction of
robot operating system (ROS) packages specifically designed for humanoid
robots and their actuators [279], [280]. ROS is supported by useful simulators like
the open-source Gazebo [347], [348]. However, some developers may opt for
alternative platforms for humanoid robot development [349]-[351]. The software
systems for humanoid robots encompass a wide range of programming
languages and platforms. To streamline the development process, there is a
pressing need for a comprehensive software development system and platform
that includes a complete development library and cloud service toolbox for
humanoid robotic systems. This would promote uniformity and accelerate the
implementation process. Furthermore, the establishment of a cloud-based
robotics system enables global information and knowledge sharing, resource
sharing among humanoid robots, and efficient computation and data storage
through cloud computing and storage functions. However, this emerging
technology still requires further research and exploration to address issues such
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as resource allocation, system security, and reliable communication protocols

[15].

8) Multi-Humanoid Robots System: Multi-robot systems have received significant
research attention for facilitating collaboration and coordination among robots in
shared environments [352]. However, the complexities associated with humanoid
robots and the nascent stage of their technologies have hindered in-depth
investigation into multi-humanoid robot systems [353]-[356]. This research gap
calls for future exploration focused on task allocation, group decision making,
and resource sharing within such systems, with the aim of realizing
comprehensive and practical implementations [336].

9) Human-Robot Coexistence Safety: Safe human-robot coexistence in
humanoid robots is crucial, requiring a focus on flexible mechanism design,
control strategies, and safety methods [158], [292], [308], [357]. Research
includes active flexibility with multi-sensor fusion and adaptable control, and
passive flexibility through mechanism design and bionic materials [27], [304],
[358]. The future of humanoid robotics is aimed towards natural human-robot
interaction with advanced sensors, algorithms, and interfaces. Public perceptions
and acceptance must be considered to shape their responsible deployment.
These advancements will enable seamless integration of humanoid robots into
human-centric environments while prioritizing safety.

10) Human-Robot Interaction System: The human-robot interaction system plays
a vital role in enabling expressive communication and cognitive capabilities in
humanoid robots [17], [359], [360]. Current research focuses on enhancing

multimodal information fusion techniques to broaden the interactive capabilities
of robots, with particular emphasis on semantic analysis of speech [294], [310].
Humanoid robots are actively developing interactive performance to address
labor shortages and are progressing towards more flexible working models [140],
[291], [361]. As human-computer interaction technology advances, humanoid
robots are becoming adaptable for a wide range of scenarios. Future research
directions include the integration of advanced language models, such as
OpenAl's ChatGPT, and the exploration of large-scale robot operations, offering
exciting prospects for enhancing human-robot interactions [11], [15].

11) Interdisciplinary Research: The pursuit of humanoidism requires
interdisciplinary research. Biologists study human anatomy and physiology, while
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materials scientists develop advanced materials for durable robot structures
[362]-[365]. Collaboration between robotics, Al, neuroscience, and other fields is
crucial for bipedal robot advancement [366]. Interdisciplinary collaboration can
drive innovation in control algorithms, sensors, and cognition, enhancing robot
performance [367]. This approach aims to create more functional humanoid
robots with accurate human emulation, benefiting various domains.

12) The Crucial Role of Academia: Academia plays a vital role in advancing
humanoid robotics by focusing on foundational research, ethical considerations,
and talent development [368]—-[370]. In research, academic institutions explore
theoretical foundations, algorithms, and cognitive challenges, providing the
theoretical basis for practical applications. Additionally, academia leads
discussions on ethical frameworks and societal impacts, guiding ethical
development. In talent development, academic institutions nurture experts
through comprehensive education and interdisciplinary training. Academia’s
organizational characteristics further support the field. Interdisciplinary
collaboration fosters innovation, while long-term vision expands the field’s
boundaries. Knowledge dissemination strengthens scholarly aspect through
publications and presentations. Collaborating with the industry, academia
enhances humanoid robotics by promoting initiatives like joint projects,
internships, and technology transfer. Supporting startups, open-source platforms,
and dedicated liaison offices accelerate research and development. Academia’s
expertise in ethics informs responsible industry practices and regulations.

Therefore, the key technologies of the humanoid robot are summarized in Fig. 7.
In conclusion, the future of humanoid robotics lies in embracing multidisciplinary
collaboration and pushing the boundaries of biological understanding. By
integrating structure and biological materials, humanoid robots will exhibit
enhanced functionality, expand their applications, and transform various aspects
of human life. As research and technology progress, the potential for humanoid
robots to become integral components of society grows, opening up exciting
possibilities for their integration into everyday life.
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This comprehensive review provides a thorough examination of the
advancements and future prospects in humanoid robots. By investigating various
research endeavors and key technologies, such as ontology structure, control
and decision-making, perception and interaction, a comprehensive overview of

the current research state is presented. The review identifies emerging

challenges, including the need for a deeper understanding of biological motion

mechanisms, improved structural design, enhanced material applications,
advanced drive and control methods, and efficient energy utilization.
Emphasizing the integration of bionics, brain-inspired intelligence, mechanics,

and control, this review highlights a promising direction for the development of
advanced humanoid robotic systems. The insights and guidance offered in this
paper make it a valuable resource for researchers in the field of humanoid
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robotics, contributing to the advancement of humanoid robots that exhibit
capabilities closer to those of humans.
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A simpler method to teach robots new skills
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A high-level overview of the Render and Diffuse process in the context of a putting the toilet seat down task.
Rendered robot grippers are updated iteratively using a learnt denoising process until they represent actions needed
to complete the task. Different colors represent different robot actions in the future. Credit: Vosylius et al.© Provided
by Tech Xplore

; ; hile roboticists have introduced increasingly sophisticated systems over

the past decades, teaching these systems to successfully and reliably tackle new
tasks has often proved challenging. Part of this training entails mapping high-
dimensional data, such as images collected by on-board RGB cameras, to goal-
oriented robotic actions.

Researchers at Imperial College London and the Dyson Robot Learning Lab
recently introduced Render and Diffuse (R&D), a method that unifies low-level
robot actions and RBG images using virtual 3D renders of a robotic system. This
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method, introduced in a paper published on the arXiv preprint server, could
ultimately facilitate the process of teaching robots new skills, reducing the vast
amount of human demonstrations required by many existing approaches.

"Our recent paper was driven by the goal of enabling humans to teach robots
new skills efficiently, without the need for extensive demonstrations," said Vitalis
Vosylius, final year Ph.D. student at Imperial College London and lead author.
"Existing techniques are data-intensive and struggle with spatial generalization,
performing poorly when objects are positioned differently from the
demonstrations. This is because predicting precise actions as a sequence of
numbers from RGB images is extremely challenging when data is limited."

RGB Rendered Rendered
Observation Actiont + 1 Actiont + 8

Shoulder
Camera

Camera

Wrist

Visualization of the RGB observations from two different cameras and rendered action representation at time steps t
+ T and t + 8 for the task of putting the toilet seat down. Credit: Vosylius et al.© Provided by Tech Xplore

During an internship at Dyson Robot Learning, Vosylius worked on a project that
culminated in the development of R&D. This project aimed to simplify the
learning problem for robots, enabling them to more efficiently predict actions
that will allow them to complete various tasks.
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In contrast with most robotic systems, while learning new manual skills, humans
do not perform extensive calculations to determine how much they should move
their limbs. Instead, they typically try to imagine how their hands should move to
tackle a specific task effectively.

"Our method, Render and Diffuse, allows robots to do something similar:
‘imagine’ their actions within the image using virtual renders of their own
embodiment,” Vosylius explained. "Representing robot actions and observations
together as RGB images enables us to teach robots various tasks with fewer
demonstrations and do so with improved spatial generalization capabilities."

For a robot to learn to complete a new task, it first needs to predict the actions it
should perform based on the images captured by its sensors. The R&D method
essentially allows robots to learn this mapping between images and actions more
efficiently.

"As hinted by its name, our method has two main components,” Vosylius said.
"First, we use virtual renders of the robot, allowing the robot to 'imagine’ its
actions in the same way it sees the environment. We do so by rendering the
robot in the configuration it would end up in if it were to take certain actions.

"Second, we use a learned diffusion process that iteratively refines these
imagined actions, ultimately resulting in a sequence of actions the robot needs to
take to complete the task."

Using widely available 3D models of robots and rendering techniques, R&D can
greatly simplify the acquisition of new skills while also significantly reducing
training data requirements. The researchers evaluated their method in a series of
simulations and found that it improved the generalization capabilities of robotic
policies.

They also showcased their method's capabilities in effectively tackling six
everyday tasks using a real robot. These tasks included putting down the toilet
seat, sweeping a cupboard, opening a box, placing an apple in a drawer, and
opening and closing a drawer.

"The fact that using virtual renders of the robot to represent its actions leads to
increased data efficiency is really exciting," Vosylius said. "This means that by
cleverly representing robot actions, we can significantly reduce the data required
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to train robots, ultimately reducing the labor-intensive need to collect extensive
amounts of demonstrations."

In the future, the method introduced by this team of researchers could be tested
further and applied to other tasks that robots could tackle. In addition, the
researchers' promising results could inspire the development of similar
approaches to simplify the training of algorithms for robotics applications.

"The ability to represent robot actions within images opens exciting possibilities
for future research," Vosylius added. "I am particularly excited about combining
this approach with powerful image foundation models trained on massive
internet data. This could allow robots to leverage the general knowledge
captured by these models while still being able to reason about low-level robot
actions.”

More information: Vitalis Vosylius et al, Render and Diffuse: Aligning Image and
Action Spaces for Diffusion-based Behaviour Cloning, arXiv (2024). DOI:
10.48550/arxiv.2405.18196

© 2024 Science X Network

28,000 Year Nuclear Waste Battery?
Diamond Batteries Explained

Given the relatively short lifespan, overheating, and battery cell supply issues of current battery
technologies, they can’t be used everywhere. Take satellites, high-altitude drones, healthcare, or
even spacecraft, all of which require energy storage with a very long life. But some companies
are claiming that diamond battery technology can kill two birds with one stone: creating energy
storage that could last for thousands of years by putting nuclear waste to use... potentially
powering everything from EVs to cellphones. Is this the holy grail of battery technology or hype;
and more importantly, is it safe? Let’s explore Nano Diamond Batteries and where this might be

going.

Modern life relies on mobile battery-powered devices: at work, at home, at school, and while
traveling. We need batteries for communication, transportation, storing energy from renewables
like solar and wind, you name it ... and it’s undeniable that lithium-ion batteries have opened up
a world of possibilities.

Even though we’ve seen significant progress with the lithium technology over the past few
decades, challenges such as overheating, expensive casings, short lifespan, and
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underperformance in extreme temperatures still need to be overcome. So the quest for the holy
grail of batteries continues.

Aiming to reach carbon neutrality in the next few decades, batteries and renewable power
sources need to evolve alongside each other to solve this puzzle. The International Renewable
Energy Agency (IRENA) estimates that stationary battery storage will grow from only 2
gigawatts (GW) worldwide in 2017 to around 175 GW in 2030. But batteries aren’t the only way
to compensate for the intermittent operation of solar and wind. We also have nuclear power. !

Nuclear accounted for 10.3% of the world’s electricity generation in 2019. 2 It’s widely
considered to be a stable, carbon-friendly energy source that can be used to support the
intermittency of other renewables. But besides being expensive and having long construction
times, the unresolved problem of what to do with long-lived radioactive waste is crucial for its
development. There’s a lot of “not in my backyard” to that debate. If you’re interested, I have
an episode on Small Modular Reactors that gets into the future of nuclear power. As of today in
the U.S., there are 96 commercial nuclear power reactors currently operating, and more than
90,000 metric tons of highly radioactive nuclear waste, including spent fuel and other material. 2

Pulling together the challenges of conventional batteries and the problems derived from nuclear
waste, a new technology called Nano Diamond Battery Technology is being touted as an energy-
disruptive innovation.

NDB, a California-based start-up made headlines when it announced that it completed two proof-
of-concept tests of its nano diamond battery, made from nuclear waste encased in artificial
diamond. But the root of this energy storage technology is known as betavolatics, which is
powered by beta decay and goes back to the 1950s.
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In 1953, Paul Rappaport proposed the use of semiconductor materials to turn the energy from
beta decay into electricity. Unlike common electricity-generation technologies that utilize hydro
or wind turbines to spin copper coils within magnets to produce an electric current, betavoltaic
devices can generate current when placed close to a radioactive source.

Imagine placing a semiconductor material, like Silicon, in a box with Strontium-90, which is a
radioisotope produced from nuclear fission. It has a half-life of almost 30 years. A
semiconductor material, like Silicon, can both act as an isolator or conductor depending on the
conditions it’s subjected to, like temperature, light, or electric current. It’s actually very similar
to how solar cells work when collecting solar radiation. In this case, the radioactive element
emits beta particles that separate electron and hole pairs in the semiconductor (holes collect on
the positive side and electrons collect on the negative side). Bridging the two sides allows the
electrons and holes to find each other resulting in an electric current ... in short, this turns
radiation into electricity. 5 ¢

Using this principle, in 2016, researchers from the University of Bristol unveiled the world’s first
known diamond nuclear battery, which is based on this betavoltaic concept. Tom Scott, Professor
in Materials at the University of Bristol, described the advantages as the emission free, long-term
production of clean energy from nuclear waste.” ¢

A great portion of nuclear waste is graphite, which is used as a moderator and reflector in a
nuclear reactor. The graphite becomes radioactive over time because of its exposure to radiation.
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And depending on the reactor type, the graphite blocks can be extremely large and heavy, as well
as irradiated with long-lived radioisotopes, which makes graphite expensive and tricky to dispose
of or recycle.

The reason why graphite is important here is that radioactive graphite contains Carbon-14 (C-
14), which turns into harmless Nitrogen-14, an anti-neutrino, and an energetic electron — aka a
beta-decay electron. But that’s already TMI ... I’m not going to turn this into a chemistry class.
I’d probably flunk it.

The idea behind the research from the University of Bristol is to manufacture batteries that can
harness this by-product of C-14 as energy. In its gas form at low pressure and elevated
temperatures, you can convert it into a radioactive diamond. Then for safety you encapsulate it
again in a non-radioactive diamond layer. So it’s a radioactive diamond ... in a diamond. Even
though the researchers say that only a small level of radioactivity is detected near their diamond,
would you really want to use a nuclear powered pacemaker inside your body? © it Actually ...
there were Plutonium powered pacemakers, but that’s a different video.%2

Even though we typically equate nuclear power to great amounts of energy being produced,
these betavoltaic batteries can only generate power in the range of microwatts, which is why
headlines and press releases about NDB batteries have been overselling it. This is not the future
of electric vehicles. If their breakthrough proves to be true, it has some potential ... for very
targeted scenarios.

The difference between the batteries from Bristol to NDB’s is in the layers of the encasing
diamond. While the researchers of Bristol used only a diamond layer to protect the radioactive
diamond, NDB combines multiple layers of paneled nano diamonds to protect the core. These
micro-sized single crystal diamonds are very good at conducting heat, so they move heat away
from the radioactive isotope materials so quickly that the transaction generates electricity.: ¢

There are several concepts to ensure safety, but there’s still a lot of questions around this since
we haven’t seen any test results from the company yet. But a couple of those things are the
diamond encapsulator, which is the most thermally conductive and hardest material available, in
addition to containing the radiation within the device.

Next up is the Lock-in System, which helps to prevent proliferation of dangerous nuclear
isotopes like Pu-238 and U-232. According to NDB, their battery uses an ion implantation
mechanism that prevents it being used for purposes other than power generation.

Besides these safety claims, the company says its technology has a maximum lifespan of 28,000
years and could one day become a source of low-carbon power for anything that needs it — from
EVs to smartphones. Although this technology looks awesome, it’s still highly questionable
since the power coming from betavoltaics is so low. Remember, microwatts low.
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According to a report, the proof-of-concept design was evaluated by the Lawrence Livermore
National Laboratory, which reported a 40% charge improvement in efficiency over a standard
diamond. But I couldn’t find any information on how Lawrence Livermore National Laboratory
tested the proof-of-concept.

Most of the claims have no hard evidence or proof yet, other than what NDB has reported. NDB
doesn’t fully explain what happens to the heat it generates during energy conversion other than
to describe thermal vents to dissipate heat. ©

The company mentions several possible applications in their website like consumer electronics,
automotive, medical devices, acrospace, but we still don’t have precise specifications. Yet, an
image of the battery shows a power level of 100 microwatts.’” It’s important to drive that point
home. It’s highly unlikely to power an electric vehicle, let alone an iPhone at microwatt scale.
But, it doesn’t mean the tech doesn’t work for more appropriate applications. If enough of these
battery cells were combined, they could power small LED displays or devices that require low
power, like medical or communication devices ... think internet of things (IOT) and pacemakers.
But powering EVs that demand an insane amount energy is where media coverage went a little
overboard.

So back in the land of reality where do the benefits of this technology make the most sense? And
is there a market for it?

Well, the company hopes to start selling the battery to commercial partners, including space
agencies for long duration missions by 2023.

In addition, NDB isn’t alone in nuclear diamond battery game. The scientists at Bristol saw a
great opportunity in extracting and repurposing nuclear waste material, but without overselling it.
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They spun off Arkenlight, a company formed to take on the commercialization of their diamond
battery concept. 2

Morgan Boardman, the new company’s CEO says:

“..Itis a very novel approach, which we find that people like because
it's sort of a cosmic rag-and-bone man narrative...” -Morgan Boardman

He also points out that the technology can help with the carbon emissions challenge:

“...With the resources used to manufacture, say, an AAA battery, we
would offset nearly 2.5kg of carbon in the manufacture of an
equivalent energy density of diamond batteries..." -Morgan Boardman

Unlike NDB, Arkenlight doesn’t claim that their batteries will power cars or even laptops. That’s
because they provide thousands of times less power than a conventional AA battery — although
they will last thousands of times longer. Arkenlight’s power cells would take about 5,000 years
to reach 50% discharge. The company sees their batteries powering small detectors, wireless loT
devices/sensors or medical implants. £

It can be mechanically stacked in series or parallel for greater power, and can be paired with
capacitors for intermittent high power use cases. 2 2
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In 2018, Bristol researchers did an interesting experiment to test out the strength and durability
of their diamond batteries, placing them at the top of a volcano. In the experiment, a prototype of
Arkenlight betavoltaics was used to power sensors inside a remote-monitoring station, known as
a ‘dragon egg.” The eggs were designed to be placed on an active volcano by drone in order to
measure humidity, vibrations, and the emissions of toxic gases. They could remain in service for
months without depleting their energy. 2

Arkenlight aims to establish a factory at one of the several decommissioned nuclear power plants
in the South West of England, or possibly North Wales. That way, the company has easy access
to carbon-14 isotopes for battery manufacturing. Boardman estimates that their carbon-14
batteries will begin appearing in devices around 2024 if everything goes well. 2

In terms of challenges, the use of radioactive material complicates matters, so manufacturing
them involves a significant amount of care and safety procedures you wouldn’t have with a
typical chemical battery. While the process is made safe, the safety infrastructure required to
produce it, and governmental permissions, come with big costs.

Even though the researchers from both Bristol University and NDB claim that nuclear batteries
have small or no radioactivity level due to the diamond containment, I’m not sure if I’d feel
comfortable having a nuclear powered cellphone even if it was possible at this point. Putting
aside the overhyped headlines, there’s still some interesting promise and use cases for diamond
batteries ... even though they’re still in their theoretical phase. We’re going to need to wait a few
more years until NDB and Arkenlight have some real prototypes and solid results to call this one.
Not every battery technology has to be a lithium ion killer. It’s okay to have an exciting
breakthrough for a very targeted market, which is what this is.
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FUTUREOF {
WARFARE

Gone are the days when military robots were just clunky remote-controlled machines.
Today's battlefield is witnessing an extraordinary partnership between soldiers and their
mechanical counterparts, each bringing unique strengths to the fight. While humans
provide the irreplaceable elements of judgment, creativity, and ethical decision-making,
robots take on the most dangerous tasks, from disarming explosives to patrolling hostile
territories.

Let's explore some of the most impressive military robots that are changing the face of

modern warfare, each designed to tackle specific challenges while working alongside
human operators.
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The Bionic Yak

The Bionic Yak is a cutting-edge military robot from China, engineered for
logistics and reconnaissance missions. Capable of carrying up to 160 kg of
cargo, it traverses challenging terrains like snow and rocky paths with ease.
With a speed of 10 km/h, the Bionic Yak is equipped with advanced sensors
for gathering tactical data on the battlefield, making it an indispensable tool
for remote and hard-to-reach military operations.
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FEDOR

FEDOR is a humanoid robot designed by Russian engineers to handle extreme
scenarios, including rescue missions and space exploration. Standing 180 cm
tall and weighing 105 kg, FEDOR can operate autonomously or via remote
control. It boasts impressive versatility, performing tasks such as tool handling,
vehicle operation, and even executing advanced movements like splits.
Despite setbacks due to sanctions, FEDOR continues to showcase the
innovative potential of Russian robotics.

1563



EOD Robot

The EOD Robot is a specialized machine designed for the safe disposal of explosive
ordnance. Widely used across the globe, it features advanced cameras and sensors that
allow it to identify and neutralize explosive devices remotely. By providing real-time
video and feedback to operators, the EOD Robot minimizes risks to military personnel
and civilians, proving its value in high-stakes operations.
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SCHAFR

Japan's SHAFR robot gained recognition during the DARPA Robotics
Challenge, where it excelled in tasks such as driving vehicles and navigating
complex obstacles. Weighing 95 kg and standing 1.48 m tall, this agile
humanoid is designed for military applications in urban environments.
SHAFR's ability to mimic human movements demonstrates its potential to
enhance operational capabilities in various scenarios.

155



Petman

Developed by Boston Dynamics, Petman is a humanoid robot created to test
military uniforms and protective gear. It mimics human physiology with
realistic movements such as walking, squatting, and even sweating to simulate
real-world conditions. While its primary role is gear testing, future iterations
could see Petman playing an active role in combat or hazardous fieldwork.
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Nadia: The Boxing Robot

IHMC Robotics' Nadia is a highly sophisticated humanoid robot built for
dangerous environments. With 29 flexible joints, it performs complex
movements, making it ideal for rescue missions or space exploration.
Although currently operated by human controllers, Nadia's intuitive design
aims to optimize efficiency in perilous situations, with potential future
applications in military operations.
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Avatar Robots

Russia is developing Avatar Robots aimed at replacing soldiers on the
battlefield. These robots are designed to function seamlessly within human-
built environments, providing tasks like first aid, vehicle operation, and
infrastructure interaction. The ultimate goal is to create autonomous machines
that can take on combat risks, protecting human lives.
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The Humanoid Pilot

The PIBOT robot from South Korea is the first humanoid pilot capable of
controlling human-operated transportation systems. Its design allows it to sit
in standard seats and operate vehicles with precision. Equipped with Al, the

PIBOT reacts to emergencies swiftly, making it a groundbreaking addition to

military aviation and automated transport systems.
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Method 2

Method 2 is a massive robot developed in South Korea, designed to tackle
hazardous environments. Weighing 1.5 tons and standing nearly 4 meters tall,
it's built for both military and industrial use. Though still in development,
Method 2 highlights the potential for large-scale robots to take on high-risk
roles in combat and support missions.
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Robotic Combat Dogs

Robotic combat dogs are a new wave of innovation, with models equipped
with automatic rifles mounted on their backs. These robots can operate
autonomously or be remotely controlled, and they feature built-in cameras
with a 360° field of vision. While still undergoing testing, robotic combat dogs
are poised to carry out missions in diverse terrains, marking a significant leap
in autonomous warfare technology.
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US scientists may have developed the first
robot syllabus that allows machines to transfer
skills without human intervention

_— )T

Ein Robo Advisor verwaltet das investierte Geld frei von allen Emotionen und versucht, durch rational verniinftige
Entscheidungen dabei den Gewinn zu maximieren.© Pixabay.com © Computerizer CCO Public Domain

« Robots struggle to learn from each other, and rely on human
instruction

« New research from UC Berkeley shows that the process could be
automated
« This would eliminate the struggles of manually training robots

Despite robots being increasingly integrated into real-world environments, one
of the major challenges in robotics research is ensuring the devices can adapt to
new tasks and environments efficiently.

Traditionally, training to master specific skills requires large amounts of data and
specialized training for each robot model - but to overcome these limitations,
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researchers are now focusing on creating computational frameworks that enable
the transfer of skills across different robots.

A new development in robotics comes from researchers at UC Berkeley, who have
introduced RoVi-Aug - a framework designed to augment robotic data and
facilitate skill transfer.

The challenge of skill transfer between robots

To ease the training process in robotics, there is a need to be able to transfer
learned skills from one robot to another even if these robots have different
hardware and design. This capability would make it easier to deploy robots in a
wide range of applications without having to retrain each one from scratch.

However, in many current robotics datasets there is an uneven distribution of
scenes and demonstrations. Some robots, such as the Franka and xArm
manipulators, dominate these datasets, making it harder to generalize learned
skills to other robots.

To address the limitations of existing datasets and models, the UC Berkeley team
developed the RoVi-Aug framework which uses state-of-the-art diffusion models
to augment robotic data. The framework works by producing synthetic visual
demonstrations that vary in both robot type and camera angles. This allows
researchers to train robots on a wider range of demonstrations, enabling more
efficient skill transfer.

The framework consists of two key components: the robot augmentation (Ro-
Aug) module and the viewpoint augmentation (Vi-Aug) module.

The Ro-Aug module generates demonstrations involving different robotic
systems, while the Vi-Aug module creates demonstrations captured from various
camera angles. Together, these modules provide a richer and more diverse
dataset for training robots, helping to bridge the gap between different models
and tasks.

"The success of modern machine learning systems, particularly generative
models, demonstrates impressive generalizability and motivated robotics
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researchers to explore how to achieve similar generalizability in robotics,"
Lawrence Chen (Ph.D. Candidate, AUTOLab, EECS & IEOR, BAIR, UC Berkeley) and
Chenfeng Xu (Ph.D. Candidate, Pallas Lab & MSC Lab, EECS & ME, BAIR, UC

Berkeley), told Tech Xplore.

"This is a marriage of Al and quantum’: New
technology gives Al the power to feel surfaces
for the 1st time

‘This is a marriage of Al and quantum': New technology gives Al the power to feel surfaces for the 1st time®© Jian Fan
via Getty Images

Scientists have given artificial intelligence (Al) the capacity to "feel" surfaces for

the first time — opening up a new dimension for deploying the technology in the
real world.
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Tapping into quantum science, the scientists combined a photon-firing scanning
laser with a new Al model trained to tell the difference between different surfaces
imaged with the lasers.

The system, outlined in a new study published Oct. 15 in the journal Applied
Optics, blasts a series of short light pulses at a surface to "feel" it, before back-
scattered photons, or particles of light, return carrying speckle noise — a type of
flaw that manifests in imagery. This is normally considered detrimental to
imaging, but in this case the researchers processed the noise artifacts using Al —
which enabled the system to discern the topography of the object.

"This is a marriage of Al and quantum,” study co-author Daniel Tafone, a doctoral
candidate at New Jersey's Stevens Institute of Technology, said in a statement.

The team used 31 variations of industrial sandpaper with roughness ranging from
1 to 100 micrometers in thickness — with the thickest roughly the width of a
human hair. The researchers then set up the lidar system, which used a laser
beam fired in picosecond pulses (1 trillion picoseconds is 1 second).

Related: Computers normally can't see optical illusions — but a scientist
combined Al with quantum mechanics to make it happen

Pulses of light passed through transceivers, hit the sandpaper, then rebounded
through the system for Al analysis. The back-scattered photons came from
different points on the surface and were counted using a single photon detector.

The results achieved an average error of roughly 8 micrometers — but this
improved to just 4 micrometers after the Al worked with multiple samples. This is
roughly in line with the accuracy of profilometer devices currently in use.

"Interestingly, our system worked best for the finest-grained surfaces, such as
diamond lapping film and aluminum oxide," Tafone said in the statement. These
materials are often on sandpaper for specific application.

The scientists said that the new method could be used for various applications,
including in medical contexts to detect the thickness of moles that may be the
precursor to skin cancer.

"Tiny differences in mole roughness, too small to see with the human eye but
measurable with our proposed quantum system, could differentiate between
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those conditions," Yuping Huang, director of Stevens' Center for Quantum
Science and Engineering (CQSE), said in the statement. "Quantum interactions
provide a wealth of information, using Al to quickly understand and process it is
the next logical step.”

A Figure humanoid robot is performing tasks
autonomously

Robotics startup Figure recently shared a new video showing several of its
humanoid robots performing a task that could be applied to the automotive
industry.

Figure completed a trial deployment of its advanced “Figure 02" humanoid

robot at a BMW facility in Spartanburg, South Carolina, a few months ago, when
the robots were used to insert sheet metal parts into specific fixtures that were
then assembled as part of a vehicle's chassis.

In the new video, California-based Figure said its fully autonomous humanoid
robot is capable of carrying out 1,000 placements a day, with the latest version of
the machine improving in areas of accuracy and speed over the original design.

“The developments in the field of robotics are very promising,” BMW said at the
end of the trial in August. “With an early test operation, we are now determining
possible applications for humanoid robots in production.” It added that the robot
“can save employees from having to perform ergonomically awkward and tiring
tasks.”

The trial also allowed BMW to better understand how it might successfully
integrate multi-purpose robots into an existing production system.

Looking ahead, BMW and Figure will work together to improve the robot’s design
while preparing it for future applications in auto manufacturing.
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Figure unveiled the latest version of its humanoid robot in August, in time for the
BMW trial. It features three times the processing power of the original version,
improved voice communication, better cameras, microphones, and sensors, and a
high-performance battery. It also comes with fourth-generation human-scale
hands with 16 degrees of freedom and human-equivalent strength, capable of
performing two-handed tasks that require varied and dynamic manipulation,
complex grasping, and careful coordination.

While it's true that highly advanced, multi-axis arm-like robots have been
operating in car plants for decades, it's possible that humanoid robots — like
those being developed by Figure, Boston Dynamics, and Tesla — could one day

surpass these in areas such as versatility and adaptability, which is particularly
important in dynamic manufacturing environments. The hands attached to
humanoid robots are certain to become even more dexterous, enabling them to
better perform more delicate manipulations than those carried out by more
traditional industrial robots. Cognitive abilities, too, will improve over time, with
Al helping the robots to act more intelligently for even greater autonomy.

Multi-axis robots certainly excel in specific, repetitive tasks, but humanoid robots
look like a more flexible solution for complex, varied environments where human-
like interaction and problem-solving abilities are key.

The current crop of humanoid robots aren't there yet, but it's exciting to see the
advances being made in the sector.

167


https://www.digitaltrends.com/computing/boston-dynamics-toyota-atlas-ai-brain/
https://www.digitaltrends.com/cool-tech/tesla-optimus-gen-2-price-range/

Robots in BMW factories: Revolutionizing
the future of work

e
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Humanoid robots in the BMW factory© Youtube

Humanoid robots developed by the company Figure Al demonstrate

their capabilities in an impressive recording. These machines successfully
perform simple tasks in a BMW factory. Is this a preview of upcoming
changes in the labor market?

Just a decade ago, the idea of replacing humans with robots was seen as science
fiction. Today, in this era of rapid development in artificial intelligence and
robotics, such a vision is becoming increasingly plausible. Evidence of this can be
seen in the efforts of the tech giant Boston Dynamics and others.
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It turns out that more and more companies are consistently developing their
humanoid machines. Take, for example, Tesla's Optimus or the focus of this
article, a robot named Figure 02. It is already involved in the automotive
production process, performing straightforward manual tasks.

Figure 02 in the BMW factory - what can the robot
do?

Figure 02 is a creation by Figure Al that successfully and seamlessly integrates
into the BMW car production process. The humanoid robot is powered by
electricity and operates efficiently for five hours, during which Figure 02 can
perform up to 1,000 operations.

The machine measures 5 feet 6 inches and weighs about 150 pounds. The
greatest advantage of Figure 02 is undoubtedly its dexterity. A display of its
skills is captured in an intriguing recording. Importantly, the footage shows that
the robot manufacturer focuses not only on quality but also on quantity—one
shot reveals as many as three machines moving parts to designated places.

According to "The Sun," this technology has the potential to revolutionize the
manufacturing industry, benefiting both companies and consumers worldwide.

Opportunity or threat?

Figure Al boldly declares that it will deliver "millions of useful robots to
companies and homes worldwide." The use of such machines on a larger scale
will undoubtedly require the market to adapt. The primary concern is the
uncertain future of skilled workers.

Nevertheless, the introduction of humanoid robots could also mean an
opportunity, as each machine will require appropriate technical support and
servicing.
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US creates ‘syllabus’ for robots to swap skills at
will without human need

US creates ‘syllabus’ for robots to swap skills at will without human need

Engineers have created an innovative framework that enables robots to share
skills across models autonomously.

Named RoVi-Aug, it eliminates the need for human intervention in the learning
process, simplifying robotic training.

Physical tests reveal that RoVi-Aug trains on enhanced data to work instantly with
new robots, regardless of camera angles. Unlike others, it skips extra test-time
steps, adapts policies, and learns multi-robot tasks. This boosts skill transfer
efficiency and raises success rates by up to 30 percent.

According to the UC Berkeley team, the approach marks a significant step toward
developing more independent and adaptable robots.
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Adaptive data scaling

Research shows that scaling up data improves robots’ ability to learn general and
reliable skills. However, robot data is far smaller than those used in advanced Al
models for vision and language. Collecting diverse and useful real-world robot
data is slow, labor-intensive, and challenging to balance for adaptable training.

Existing models like the Open-X Embodiment (OXE) project combine data from
60 robot datasets to enhance cross-robot learning. This approach helps robots
share experiences, improving their capabilities.

According to researchers, the dataset needs to be more balanced, dominated by
specific robots like Franka and xArm, and needs diverse camera angles. This
causes models to overfit and require adjustments when used with different
robots or viewpoints.

To address this, the Mirage algorithm adapts unseen robots by “cross-painting,”
making them appear like those in training. While effective for zero-shot learning,
Mirage has drawbacks: it needs accurate robot models, doesn’t support fine-
tuning, and struggles with large camera changes.

UC Berkeley’s work presents RoVi-Aug, an advanced approach to overcoming the
shortcomings of existing robot learning techniques.

RoVi-Aug concentrates on explicitly teaching models to comprehend the
interaction between robots and tasks within the data, in contrast to conventional
methods that naively co-train on merged datasets from numerous robots.

Advancing robot training

The new framework creates synthetic visual demonstrations that vary by robot
type and camera angles, making training more versatile. It includes two main
parts: the robot augmentation (Ro-Aug) module, which generates
demonstrations with different robotic systems, and the viewpoint augmentation
(Vi-Aug) module, which simulates demonstrations from various camera
perspectives.
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By combining these modules, the framework provides a richer, more diverse
training dataset. This approach allows robots to learn from a broader range of
scenarios, improving their ability to transfer skills efficiently between different
models and tasks while reducing the need for extensive real-world data
collection.

The method also lessens the requirement for intensive real-world data collecting
while enabling robots to learn from a wider variety of circumstances, enhancing
their capacity to transfer skills effectively between various models and jobs.

According to researchers, the approach enhances the robustness and
generalizability of policies to handle different robot visuals and camera angles
during training, eliminating reliance on precise test-time adjustments like cross-

painting pipelines.

Unlike methods such as Mirage, RoVi-Aug does not require known camera
matrices and supports policy fine-tuning, which significantly enhances
performance in complex tasks.RoVi-Aug enhances the sample efficiency of fine-
tuning while facilitating the learning of multi-robot and multi-task policies by co-
training on both original and augmented datasets.

Although RoVi-Aug bridges robot datasets and improves skill transfer,
researchers note that it has drawbacks. Future research could address
background changes, improve viewpoint synthesis with robotics data, unify
robot-pair models, and improve artifact handling.

Generalization may be further enhanced by extending to different grippers, such
as multi-fingered hands, and integrating with object and task augmentation.

The details of the UC Berkeley team'’s research were pre-published on ArXiv
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Washbasin-cleaning robot can imitate human
motions and adapt its knowledge flexibly to
different situations

Helper in the bathroom: a robot arm at TU Wien. Credit: TU Wien

Robots are supposed to do boring or unpleasant jobs for us. However,

tedious tasks such as cleaning the bathroom are challenging to automate. How is
it possible to calculate the movement of a robot arm so that it can reach every
part of a washbasin? What if the basin has unusually curved edges? How much
force should be applied at which point?
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Simulating dirt with blue color. Credit: TU Wien

It would be highly time-consuming to precisely encode all these things in fixed
rules and predefined mathematical formulas. A different approach has been
taken at TU Wien: a human shows a robot several times what it should do. A
specially prepared sponge is used to clean the edge of a sink.

By watching the human, the robot learns how cleaning works and can flexibly
apply this knowledge to differently shaped objects. The work has now
been published at [IROS 2024 in Abu Dhabi.

Cleaning, sanding, polishing

Cleaning is just one type of surface treatment. Many other activities that play an
essential role in industry are technically very similar—such as sanding or
polishing surfaces, painting, or applying adhesives.
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"Capturing the geometric shape of a washbasin with cameras is relatively simple,"
says Prof Andreas Kugi from the Automation and Control Institute at TU Wien.
"But that's not the crucial step. It is much more difficult to teach the robot: which
type of movement is required for which part of the surface? How fast should the
motion be? What's the appropriate angle? What's the right amount of force?"

People learn these things through experience and imitation. "In a workshop,
someone might look over the apprentice's shoulder and say, You need to press a
little harder on that narrow edge," says Christian Hartl-Nesic, head of the
Industrial Robotics group in Andreas Kugi's team. "We wanted to find a way to let
the robot learn in a very similar way."

The demo version of a cleaning sponge

A special cleaning tool was developed for this purpose. A cleaning sponge fitted
with force sensors and tracking markers was used by humans to repeatedly clean
a sink—but only the front edge. "We generate a huge amount of data from a few
demonstrations, which is then processed so that the robot learns what proper
cleaning means," explains Christian Hartl-Nesic.

This learning process is made possible by an innovative data processing strategy
developed by the research team at TU Wien. It combines several existing
techniques from the field of machine learning: the measurement data is first
statistically processed, and the results are used to train a neural network to learn
predefined movement elements (so-called 'motion primitives'). The robot arm is
then optimally controlled to clean the surface.

This innovative learning algorithm enables the robot to clean the entire sink or
other objects with a complex surface after the training, even though it has only
been shown how to clean a single edge of the sink.

"The robot learns that you have to hold the sponge differently depending on the
shape of the surface, that you have to apply a different amount of force on a
tightly curved area than on a flat surface,” explains Ph.D. student Christoph Unger
from the Industrial Robotics group.
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The vision: All workshop robots learn together

The technology presented applies to many processes, whether sanding wooden
work in joinery, repairing and polishing paint damage on vehicle bodies, or
welding sheet metal parts in metalworking shops. In the future, the robot could
be placed on a mobile platform to be used as a useful helper anywhere in a
workshop.

Such robots could then even share their knowledge with other robots.

"Let's imagine many workshops use these self-learning robots to sand or paint
surfaces. Then, you could let the robots gain experience individually with local
data. Still, all the robots could share the parameters they learned with each
other," says Andreas Kugi.

Private data—such as the specific shape of a particular workpiece—would remain
private, but essential basic principles would be exchanged to further improve the
capabilities of all robots. This is referred to as "federated learning."

Numerous tests at TU Wien have proven the sink-cleaning robot's flexibility. The
technology is also already causing a stir internationally.

At IROS 2024 (14 to 18 October 2024), a conference with over 3,500 submitted
scientific papers, TU Wien's work was awarded the Best Application Paper Award
and thus voted one of the top innovations of the year.

More information: Christoph Unger et al. ProSIP: Probabilistic Surface
Interaction Primitives for Learning of Robotic Cleaning of
Edges. www.acin.tuwien.ac.at/file/pub ... print/unger2024.pdf

Provided by Vienna University of Technology
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US Special Forces to get combat robots to
advance operational capability

M

US Special Forces to get combat robots to advance operational capability

KNDS France Robotics announced a contract to deliver 10 NERVA-LG robotic

systems to the US Special Forces, describing the order as an example of its ability
to meet the specialized needs of military units.

In recent years, KNDS's robotics division, through Nexter Robotics, has
broadened its range to include advanced unmanned ground vehicles (UGVs)
designed for various military and security missions.
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Advanced system enhances intelligence gathering

The NERVA-LG is a lightweight, durable, and versatile robotic system designed
for military operations. Equipped with four cameras and a microphone, it gathers
intelligence over distances of up to 1,000 meters in open areas and 300 meters in
urban settings.

The system is fitted with advanced imaging and sensor technology to detect
threats like IEDs and CBRN hazards, all while maintaining a discreet profile. Its
compact size and low thermal signature allow it to operate unnoticed, making it
ideal for covert missions focused on stealth and intelligence gathering. The
robot’s ability to carry various payloads, such as cameras or detection devices,
enhances its versatility, making it a valuable asset for Special Forces in high-risk
environments.

As the company further explains, the NERVA-LG's adaptability is showcased
through over 20 available “mission kits,” enabling it to handle tasks like CBRN
detection, IED management, victim assistance, and close combat support. KNDS
also added that its semi-autonomous features minimize the need for manual
operation, helping personnel focus on critical mission

Versatile robot set to transform military operations

As unmanned systems become increasingly integrated into military operations,
Nexter Robotics is also looking to position itself and further expand its offerings.

First introduced at the Eurosatory 2012 exhibition, the NERVA-LG has been
deployed by various organizations worldwide. Since 2017, it has been used by the
US Navy SEALs and elite units like France's GIGN, the Canadian Armed Forces,
and Shanghai’s emergency services.

In response to the contract award, KNDS France Robotics thanked its teams for
their dedication and partners for their trust. The company emphasized that this
achievement reflects its commitment to providing reliable, innovative defense
solutions tailored to the complex needs of military operations.
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“This new order illustrates the quality and reliability of our solutions, as well as
our ability to meet the specific needs of the most demanding special forces. A big
thank you to our teams for their commitment and to our partners for their
renewed trust,” the French company said in a statement.

Furthemore, KNDS' modular robots serve a range of operational needs, with
applications such as NERVA micro-robots for patrol duties, long-range secured
communications, and sensor-to-shooter technologies. Recent developments
included tests of remote-controlled bridge-laying systems, the CENTURIO robot's
role in explosive ordnance reconnaissance, and autonomous mobility trials with
the Al-guided ULTRO robot.

Chinese military trials 'robot dogs' armed
with machine guns learn lessons from Ukraine

Chinese troops have formed a regiment of robot-dogs armed with weapons
which are programmed to respond to human voice commands.

The cyber-canines robot dogs are being used to gather intelligence, hunt enemy
forces and deliver firepower with weapons mounted on their backs.

Both the US and UK are developing the use of robot dogs to work in mine
clearance as well as performing reconnaissance and surveillance tasks,
while China let a gun-toting robot off the leash and even a robot shark.

« Pentagon's chilling 12-day simulation of how nuclear World War 3

would unfold

« Worrying nuclear map shows areas where 75% of population would
die after WW3

This year the US Army conducted tests in Saudi Arabia featuring an armed and
Al-powered robot dog able to shoot down drones.

The Vision 60, developed by Ghost Robotics, is equipped with a range of high-
tech features designed to enhance battlefield capabilities.
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robot dog®© Getty
The Chinese robot dogs carry a radio link and can be fitted with remote firing

high calibre machine guns and rifles.

As unmanned platforms and artificial intelligence moves on to the battlefield,
Beijing's commanders are hoping their dogs will add bite to their capability.

The robot Rexes - developed by a small team of Chinese scientists - have been
programmed to respond to commands and are able to run at pace.
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Chinese Robot dogs© Getty

Recently unleashed at a military show in Zhuhai, the dogs were seen racing
towards a target and then return to their handler after he gives them a command.

A senior source the introduction and development of Al and technology has
moved at pace since the start of the Ukraine war

He added: "The potential role of these robots is vast, and the Chinese appear to
be investing a lot of money in this area of technology

"We have a long way to go, but lessons learned from Ukraine show that new
capabilities will be needed to counter drones in the future and that is the area the
US and UK are focussed on."

Roboticists develop a bird-like robot that can
jump into the air to launch itself into flight

RAVEN. Credit: EPFL/Alain Herzog with CC-BY-SA 4.0 license.
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A team of roboticists at Ecole Polytechnique Fédérale de Lausanne, working

with a colleague from the University of California, has designed, built and
demonstrated a bird-like robot that can launch itself into flight using spring-like
legs.

The group describes their robot in a paper published in the journal Nature. Aimy
Wissa, an aerospace engineer at Princeton University, has published a News &
Views piece in the same journal issue suggesting possible ways the innovation
could be used in real-world applications.

Some types of drones, such as those with rotors, can rise straight up off the
ground—others that are powered with forward-facing rotors or engines that
push exhaust out the back must either race along a runway or catapult to get
airborne. For this new project, the research team developed a new design for
getting such craft into the air—jumping using spring-like legs.

RAVEN. Credit: EPFL/Alain Herzog with CC-BY-SA 4.0 license.

The idea for springing into flight came to the researchers as they noted that
crows near their office used their legs to spring into flight, which appeared to use
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less energy than using the wings only. That inspired them to design and build a
flying robot based on the crow design.

The researchers noted that crows used their feet and legs for more than just
launching into flight—they walked and ran around a lot. They also did a lot of
hopping. That led the team to design a bird-like robot with legs that could be
used in similar ways.

To simplify things, they chose a fixed-wing design for flight, rather than a
flapping design. They also chose to use a split-V shape for the tail. An engine up
front powered a single propeller.

After constructing their design, with its spring-loaded legs, the researchers
conducted tests and found their little robot, which they named RAVEN (Robotic
Avian-inspired Vehicle for multiple ENvironments), could walk around and hop in
ways similar to crows and ravens. They also found that with some tweaking, the
robot was able to jump as its rotor was spinning to ascend into the air.

The design, Wissa notes, appears to be "a viable solution to achieving multimodal
locomotion for unmanned aerial vehicles."

More information: Won Dong Shin et al, Fast ground-to-air transition with
avian-inspired multifunctional legs, Nature (2024). DOI: 10.1038/s41586-024-
08228-9

Aimy A. Wissa, Bird-inspired leg enables robots to jump into
flight, Nature (2024). DOI: 10.1038/d41586-024-03845-w

© 2024 Science X Network
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Dung beetle-inspired robot masters object
rolling with adaptive leg control

Dung beetle-inspired robot masters object rolling with adaptive leg control

Inspired by the remarkable strength and efficiency of dung beetles, researchers
have developed robots that mimic the beetle’s unique object-rolling mechanics.

A new study explains how dung beetles roll dung balls and adjust their leg
movements to navigate various terrains, providing insights for multitasking
robots.

Based on ethological observations of dung beetle ball-rolling behavior, a
modular neural-based loco-manipulation control is created.

The ALPHA robot, inspired by dung beetles, can walk and roll balls of various
weights and types on both flat and uneven surfaces, adapting smoothly to
different tasks and terrains.

“The control mechanisms can serve as guiding principles for solving sensory-
motor coordination for multitasking robots,” said the researchers in the study
abstract.
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In August, inspired by the dung beetle, scientists developed an Al sensor to
measure the Milky Way's orientation accurately.

Loco—manipulation

While most legged robots are designed primarily to move around, there is a
growing interest in using them for object-handling tasks as well. This combined
movement and object-handling ability is called “loco-manipulation.”

Some robots, like SpotMini and ANymal, use arms or grippers to manipulate
objects, while others, such as the ALPHA robot, use their legs to push, lift, or carry
objects. Robots that manipulate with their legs have unique advantages for
handling larger, heavier objects.

Dung beetles are experts in complex object manipulation—they roll balls of
various weights across different terrains, which allows them to transport objects
nearly twice their size. Their coordination involves pushing on the ground with
their front legs and rolling the ball with their middle and hind legs.

According to researchers, while this efficient technique could inspire new robot
designs, the beetles’ exact motor patterns, and neural controls for handling
different ball weights and surfaces remain a mystery. Translating these natural
strategies into robotics could improve future-legged robots’ ability to handle
diverse objects.

Adaptive robot control

The study explored how dung beetles’ neural systems help them adapt their
movements to roll different ball types and weights across various terrains.

Researchers designed a neural control system for a robot modeled after dung
beetles (named ALPHA) based on four key ball-rolling principles from beetle
behavior. The system includes a rhythm generator for movement, an orientation
control for balance, and adaptations like flexible legs for better grip and terrain
flexibility.
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Using this setup, ALPHA can handle and roll balls twice its leg length across flat
and uneven surfaces, achieving rolling speeds of 10-20 cm per second. The robot
adjusts its posture dynamically, stabilizing and adapting to various conditions—
whether soft, rigid, light, or heavy balls.

The experiment showed that ALPHA's neural-based control system allowed it to
roll both soft and rigid balls across flat and uneven terrain with success rates of
up to 80 percent. Adding compliant fin-ray tarsi and soft material to its legs
improved stability and grip, especially on challenging terrain.

On flat surfaces, ALPHA achieved a consistent 100 percent success rate with the
softball. The ROC module’s real-time adjustments enabled adaptive movement,
preventing slipping and improving control, though occasionally limiting speed.

According to researchers, the bio-inspired approach offers new insights into
complex, multi-functional robot designs, especially for hexapod and quadruped
robots, potentially enhancing their capabilities for both movement and large-
object handling.

The details of the research were published in the journal Advanced Sciences.

WildLMa teaches robots new tricks to do
household chores, handle ‘unseen’ situations

WildLMa teaches robots new tricks to do household chores, handle ‘unseen’ situations
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Robotics research is steadily advancing towards a future where robots can be

integrated into daily human life, can do mundane tasks, and free up people’s
time for more enjoyable activities.

While it may sound like a distant dream, researchers at UC San Diego are
bringing this vision closer to reality with their groundbreaking work on WildLMa,
a new framework designed to enhance the capabilities of quadruped robots.

“Quadruped robots with manipulators hold promise for extending the workspace
and enabling robust locomotion, but existing results do not investigate such a
capability,” said the researchers in a paper on the arXiv preprint server.

WildLMa focuses on improving the robots’ ability to perform “loco-manipulation”
tasks, which involve manipulating objects while moving around in their
environment. It aims to enable robots to not only navigate homes but also pick
up clutter, fetch items, and even put away groceries.

“Consider a scenario where a mobile robot is deployed out-of-box at a family
house. The robot is tasked with daily chores including collecting the trash around
the house and grabbing something for humans,” added the research team.

However, this requires a high level of coordination and adaptability.

Challenges in real-world settings

Traditional methods for training robots often rely on imitation learning, where
robots learn by observing and mimicking human demonstrations. While this
approach has shown promise in simulated environments, it often falls short when
robots are deployed in the “unseen” real world.

The complexity and unpredictability of real-world environments require robots to
generalize their learned skills and adapt to new situations. “WildLMa designs
three components to address challenges for in-the-wild mobile

manipulation,” asserted the team.
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First, it utilizes a VR-based teleoperation system, allowing human operators to
control the robot's movements using pre-trained algorithms. This simplifies the
process of collecting expert demonstration data, as humans can intuitively guide
the robot through various tasks.

Second, WildLMa leverages Large Language Models (LLMs) to break down
complex tasks into smaller, more manageable steps. This is akin to how humans
approach a problem by dividing it into sub-tasks. By providing the robot with a
clear sequence of actions, LLMs enable it to execute long, multi-step tasks
efficiently and intuitively.

Third, the framework incorporates attention mechanisms, which allow

the robot to focus on target objects while performing tasks. This is crucial for
ensuring that the robot remains attentive to its surroundings and avoids
distractions.

Training and experiments

The researchers have demonstrated the effectiveness of WildLMa in a series of
real-world experiments.

“Besides extensive quantitative evaluation, we qualitatively demonstrate practical
robot applications, such as cleaning up trash in university hallways or outdoor
terrains, operating articulated objects, and rearranging items on a bookshelf,”
highlighted the team.

These experiments showcase the potential of WildLMa to enable robots to
perform useful tasks in our everyday lives.

"Our experiments include 20 training sequences with variations in robot
positioning, lighting, and object placement in both the training and testing time,”
concluded the researchers.

“WildLMa successfully learns generalizable skills from a limited number of
demonstrations to achieve better success rates for long-horizon execution.”
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The development of WildLMa represents a significant step forward in the field of
robotics. By enhancing the loco-manipulation skills of quadruped robots, this
framework paves the way for the creation of more versatile and capable robots
that can assist humans in various settings.

Robot watches how-to videos and becomes an

cXper t sur gecon

BALTIMORE — How-to videos are great for humans looking to pick up some
quick skills. Now, it turns out they're also great for robots looking to become
amazing surgeons. In a groundbreaking step towards robotic autonomy,
researchers have developed an Al system that can carry out complex surgeries
with the same precision as seasoned human doctors. The secret? Letting the
robots learn by watching the pros do it first.

Traditionally, programming robots to perform even the simplest surgical
maneuvers has required painstakingly hand-coding each individual movement.
Now, the team from Johns Hopkins University, led by Axel Krieger, has cracked
the code using a revolutionary technique called imitation learning.

“It's really magical to have this model and all we do is feed it camera input and it
can predict the robotic movements needed for surgery,” Krieger says in a media
release. “We believe this marks a significant step forward toward a new frontier
in medical robotics.”

Video credit: Johns Hopkins University

The researchers trained their model on a trove of footage recorded by wrist-
mounted cameras on the popular da Vinci Surgical System robots. With nearly
7,000 of these robots deployed worldwide, and over 50,000 surgeons trained on
the platform, the team had a vast archive of surgical procedures to draw from.

"All we need is image input and then this Al system finds the right action,”
explains lead author Ji Woong “Brian” Kim. "We find that even with a few hundred
demos the model is able to learn the procedure and generalize new
environments it hasn't encountered.”
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The model was able to master three fundamental surgical tasks: needle
manipulation, tissue lifting, and suturing. In each case, the robotic performance
was on par with human doctors.

“Here the model is so good learning things we haven't taught it,” Krieger says.
“Like if it drops the needle, it will automatically pick it up and continue. This isn't
something | taught it do.”

This breakthrough, presented at the Conference on Robot Learning in Munich,
could pave the way for a future where robots can autonomously perform
complex surgeries, reducing medical errors and achieving unprecedented
precision.

“What is new here is we only have to collect imitation learning of different
procedures, and we can train a robot to learn it in a couple days,” Krieger
explains. “It allows us to accelerate to the goal of autonomy while reducing
medical errors and achieving more accurate surgery.”

With this powerful imitation learning approach, the researchers are already
working to train robots for full surgical procedures, not just individual tasks. The
implications for the future of robotic medicine are nothing short of revolutionary.
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Robots play Chess against University staff and students. Credit: University of Hertfordshire

Researchers from the University of Hertfordshire have developed a new

algorithm that will allow robots to function more intuitively—that is, make
decisions using their environment for guidance.

The principle is that, through the algorithm, the robot agent creates its own
goals.

For the first time, the algorithm unifies different goal-setting approaches under
one concept which is tied directly to physics, and it furthermore makes this
computation transparent so that others can study and adopt it.

The principle of the algorithm is related to the famous chaos theory, because the
method makes the agent "master of the chaos of the system's dynamics."

The study has been published in the journal PRX Life. Herts researchers explored
robot "motivation models" that mimic the decision-making processes of humans
and animals, even in the absence of clear reward signals.

The study introduces artificial intelligence (Al) formulas that compute a way for a
robot to decide future actions without direct instructions or human input.

Daniel Polani, Professor of Computer Science and senior author explains, "In an
applied sense, what this could mean, for example, is getting a robot to play and
manipulate objects on its own without being told to do so.

"It could enhance the way robots learn to interact both with humans and with
other robots by encouraging more 'natural' behaviors and interactions.

"This has further applications—such as the survivability behavior of
semiautonomous robots placed in situations where they are unreachable by a
human operator, such as in subterranean or interplanetary locations."

In humans and animals, one theory assumes the existence of an "intrinsic
motivation," where behaviors are driven only by the interaction between the
being and its environment rather than by specific learned rewards, such as food.
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This paper successfully translates that "intrinsic motivation" theory into one that
can be used by robotic agents.

Professor Polani adds, "This work is exciting because we can now implement a
mechanism, similarly to those helping humans and animals solve new problems
without prior experience, in robots.

"We expect that we can build on this work to develop more human-like robots in
the future with more intuitive processes. It opens up a huge opportunity for more
sophisticated robots with similar decision processes to us."

The theory underlying this paper, called "empowerment maximization," has been
developed at Herts for many years. It suggests that by increasing the range of
future outcomes, a robot will have better options also in the longer future.
Importantly, this method replaces and thus possibly obviates traditional reward
systems (e.g. food signals).

While empowerment maximization has shown promise, it is not yet fully
understood or widely applied. Most studies used to rely on simulations, while
meticulously calculating the necessary information for complex systems and the
theory remains challenging.

However, this latest innovative research aims to explain why empowerment-
based motivations can create behaviors similar to those of living organisms,
potentially leading to more intrinsically motivated robots; and it additionally
offers a significantly improved way to compute these motivations.

Professor Polani says the next steps are to use this breakthrough algorithm to
allow robots to discover more about the world, developing direct learning and
identifying and honing new skills that would drive their value in real-world
scenarios.

More information: Stas Tiomkin et al, Intrinsic Motivation in Dynamical Control
Systems, PRX Life (2024). DOI: 10.1103/PRXLife.2.033009
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Dresden Researchers Enable Robots to Sense
and Feel

To expand the capabilities of robots, scientists in Dresden have developed
robotic hands with advanced sensing abilities. Inspired by nature, these robotic
hands use sensor integration and 3D printing to replicate the delicate touch of a
human hand. This breakthrough could pave the way for robots that harvest crops,
assemble products, or explore remote terrains with greater dexterity and control.

By John Adams

Nature-Inspired Robotics for Enhanced Dexterity

Dresden Researchers Enable =
Robots to Sense and Feel

Dresden Researchers Enable Robots to Sense and Feel© Provided by Ever-Growing

Researchers from Dresden’s Fraunhofer Institute for Material and Beam
Technology (IWS) have developed robotic grippers that “feel” by mimicking
natural systems. Using a combination of 3D and dispensing printing, they've
engineered grippers equipped with sensors that gauge force, allowing robots to
grip objects with precision. These enhanced robots could soon be used in
agriculture to pick delicate produce or in planetary exploration to handle
unknown objects carefully. Projects like “BioGrip” and “Nature4Nature” aim to

replicate biological principles to build robotic grippers that act similarly to human
hands.
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Borrowing Abilities from Aquatic Life

In designing these sensitive grippers, scientists drew inspiration from fish, whose
fins naturally respond to pressure by moving inward rather than away from it.
This adaptive response, known as the “Finray effect,” allows fish to move more
efficiently by creating an opposing force to external pressure. Applying this
principle, engineers have designed grippers that use sensors and Finray-inspired
movement to hold objects securely without exerting damaging force. This
technology was developed and tested extensively through the BioGrip project
between mid-2021 and early 2023.

Advanced Sensors Mimic Human Touch

The team’s work centers on sensors that enable robots to recognize exactly how
much pressure is needed for different objects, preventing damage to fragile
items. With this technology, robotic grippers can “sense” texture and firmness,
adjusting their grasp accordingly. These advancements open up applications in
agriculture, where robotic harvesters could gently pick fruit, and in underwater
exploration, where robotic arms can handle sensitive marine samples. The
combination of biological principles and modern technology is transforming
robot interactions with their environment.

The Future of Responsive Robotic Applications

As robotic technology advances, the use of nature-inspired designs could
revolutionize machine function in numerous fields. Responsive grippers are being
tested across different industries, from food processing to space exploration,
enhancing the potential of robots to operate autonomously. Engineers hope that
continued advancements in bionic technology will create machines capable of
performing increasingly complex tasks with minimal human intervention. This
fusion of sensor technology with biological inspiration marks a significant step
toward more adaptable and self-sufficient robotic systems.
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This latest research highlights the promise of biologically inspired technology to
transform robotics, offering an exciting glimpse into future applications.
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AMECA, Atlas, Optimus: Top 10 insane
humanoid robots to watch out for in 2025

Our fascination with creating machines in our own image has led us to

remarkable achievements. We have managed to push the boundaries of artificial
intelligence and robotics to the point where today’s humanoid robots not only
mimic but also enhance human interaction.

From Hephaestus's mythical automaton servants to icons like C-3PO and The
Terminator, humanoid robots, once confined in mythology and fiction, now walk
among us.

These mechanized versions of ourselves assist us in surgeries, speeding along
assembly lines, and even exploring outer space. Here, we have listed the most
advanced humanoid robots of 2024, whose real-life capabilities are as
extraordinary as the tales that once imagined them.

AMECA




When you search for the “world’s most advanced humanoid,” most paths lead to
AMECA by Engineered Arts, and it's easy to see why. AMECA is engineered to be
modular and upgradeable in both hardware and software, designed with a
gender-neutral and non-threatening appearance to facilitate comfortable
human-robot interactions.

It utilizes embedded microphones, binocular eye-mounted cameras, a chest
camera, and facial recognition software. It is an excellent platform for further
developing robotics technologies focusing on human-robot interaction. Although
AMECA cannot walk yet, it is designed with the potential for mobility in the
future.

AMeca'’s cognitive capabilities are amplified through integration with OpenAl’s
GPT-3 and GPT-4 language models, enabling it to understand and respond to
questions, tell jokes, mimic the voices of celebrities or famous TV characters,
dance, and hold engaging conversations.

What sets AMECA apart is its incredibly realistic facial expressions and
movements, with 27 actuators controlling minute details such as lip and eyebrow
movements and motorized arms, fingers, and neck, totaling 61 degrees of
freedom. These features allow AMECA to communicate naturally and expressively,
distinct from other robots.

Atlas
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Atlas, developed by Boston Dynamics, is renowned for its athleticism, often
showcased through its impressive dance moves and backflips. This robot was
initially created as a research project for the U.S. Defense Advanced Research
Projects Agency (DARPA) in 2009. In a significant development, the hydraulic
Atlas (HD Atlas) was retired in April of 2024, succeeded by a new, fully electric
version announced the following day.

The transition from hydraulic to electric systems marks a leap towards greater
efficiency and environmental sustainability. Atlas is built upon decades of
robotics research, featuring a custom battery and a highly compact former
hydraulic system, now re-engineered for electric operation.

Its advanced control algorithms allow Atlas to plan and execute complex
movements, considering environmental factors, and achieve speeds up to 2.5
m/s. Composed of titanium and aluminum with 3D printed parts, Atlas possesses
a strength-to-weight ratio that facilitates its dynamic maneuvers.

The robot stands 1.5 meters tall, weighs 89 kg, and includes 28 joints that
support agile and diverse locomotion. Atlas is equipped with advanced infrared
stereo and depth sensors to create detailed environmental point clouds, using a
blend of vision, force, and proprioceptive sensors to adapt to environmental
changes.

Optimus
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Optimus, also known as Tesla Bot and named after the Transformers character, is
a general-purpose robotic humanoid initially announced during Tesla’s Artificial
Intelligence Day on August 19, 2021. A prototype was showcased in 2022, and by
December 2023, Tesla introduced Optimus Generation 2, which featured a
slimmer figure and improved hands and movements.

In 2024, this new robot was demonstrated performing various tasks at a Tesla
factory, highlighting its enhanced capabilities, being 10 kg lighter and faster than
its predecessor.

In June 2024, Elon Musk announced plans for Optimus to enter limited
production in 2025, with over 1,000 units intended for use in Tesla facilities and
potential broader production for other companies by 2026. Priced at an
estimated US$30,000, Musk envisions Optimus performing a wide range of
everyday tasks inside and outside the home.

The robot utilizes a bipedal walking system designed for balance and stability,
featuring pressure sensors on its feet to adjust its stance in real-time. It includes
multiple cameras in its “face” for object detection, depth gauging, and spatial
processing, alongside an onboard neural network processing system for learning
and adaptation.

Optimus can respond to voice commands and understands basic conversational
contexts. It is powered by a 2.3 kWh battery pack, similar to Tesla’s electric
vehicles. It includes a proprietary battery management system, allowing it to
move at speeds up to 5 mph (8 km/h) and carry loads up to 45 pounds (20 kg).

Figure 02
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Figure Al introduced its initial prototype, Figure 01, in 2022. A bipedal

robot aimed at manual labor tasks in logistics and warehousing. On August 6,
2024, the company unveiled Figure 02, the next generation of its humanoid
robot. This version sports a sleeker, slimmer design with integrated cabling in its
limbs, which Figure Al claims to be the world'’s first commercially viable
autonomous humanoid robot.

The new robot features a 50% increase in battery capacity over its predecessor. It
is equipped with 6 RGB cameras and an onboard vision language model. The
computing power is significantly enhanced, powered by NVIDIA RTX GPU-based
modules, offering three times the inference capabilities of the earlier model.

Additionally, Figure 02 includes microphones and speakers paired with a custom
Al model developed in collaboration with OpenAl, enhancing its conversational
abilities with humans. Its redesigned five-fingered hands boast 16 degrees of
freedom, enabling it to carry objects weighing up to 25 kg. Figure 02 is currently
being tested at a BMW plant in South Carolina to gather training data for further
Al model development.

DIGIT

Digit is a humanoid robot designed by Agility Robotics with a distinctive inwardly
curved leg design that enhances mobility, enabling it to move dynamically
through complex environments. This unique structure is complemented by
elegant limbs and a torso packed with advanced sensors and computing power,
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making Digit well-suited for navigating and performing tasks in places like
warehouses.

Released in 2023, Digit represents a significant advancement in robotic
capabilities, underscored by the announcement of Agility Robotics’ first
humanoid robotics factory, RoboFab, which produces up to 10,000 robots
annually.

Digit is constructed from aluminum, thermoformed polycarbonate, and carbon
fiber composite components, ensuring both lightness and strength. It is equipped
with a range of sensors, including Lidar, four Intel RealSense depth cameras, and
MEMS IMU, alongside absolute and incremental encoders that enhance its
proprioception.

The robot features brushless DC motors with custom-designed transmissions and
has 16 independent joints. These joints allow Digity to move its legs and arms in

10 different ways, possessing four degrees of freedom and coming with grippers
in 6 different ways.

The robot’'s computational needs are handled by two Intel i7 multi-thread CPUs,
with a payload bay available for additional computers like an Intel NUC or Nvidia
Jetson, which can be used for enhancing perception or machine learning tasks.

Digit operates on a Linux-based real-time operating system for its main control
computer, with high-level planning and perception managed on a secondary
computer. It is powered by a custom 1.2-kWh lithium-polymer battery pack,
balancing power efficiency with robust operational capabilities.
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Apollo, developed by Apptronik, is another groundbreaking humanoid robot
benefiting from the company's extensive experience in robotics, including their
work on NASA'’s Valkyrie robot. Apollo is tailored for mass manufacturability and
is designed to function in collaborative environments with high payloads and
safety standards.

Weighing approximately 72.6 kilograms and capable of operating up to 4 hours
on a single battery pack, Apollo is built to match the size and capabilities of a
human, making it suitable for various tasks that require human-like attributes.

Apollo’s design allows it to carry payloads of up to 25 kilograms, emphasizing its
ability to perform substantial lifting and carrying tasks. The robot is exceptionally
versatile, with a modular design that can be mounted on any mobility platform,
whether stationary or fully mobile, with legs.

It features LEDs in the head, mouth, and chest to communicate its status, and it is
equipped with hot-swappable battery packs that each offer four hours of
runtime, allowing for continuous operation with simple battery changes rather
than requiring downtime for recharging.

Additionally, Apollo incorporates an Advanced Force Control Architecture and
defines safety zones for enhanced operational safety. It can be controlled
through intuitive software accessible on any device, simplifying human-robot
interaction. Mercedes-Benz has recognized Apollo’s utility and is integrating
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these robots into their factories to assist with physically intensive and low-skill
tasks, showcasing Apollo’s industrial applicability and efficiency.

ALTER 3

ALTER 3 stands out in the list of top humanoid robots for its unique blend of Al
and musical talent, notably demonstrated through its ability to conduct
orchestras. Developed by Osaka University and Mixi Corporation, this humanoid
robot has been used in various experimental settings, including conducting
orchestras, participating in theatrical performances, and exploring the
intersection of robotics and the arts.

ALTER 3's design features a highly expressive face capable of displaying a wide
range of emotions, such as smiling, frowning, and even singing, enhancing its
interaction with human audiences.

The robot’s body combines prosthetic skin on its face, neck, and arms up to the
elbows, with other parts remaining as exposed machinery to evoke a sense of the
mechanical nature of life. This design choice highlights the robot’s internal
mechanisms and sparks discussions about the nature of humanity and the
potential of artificial intelligence.
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ALTER 3 utilizes a combination of pneumatic and servo-based actuators,
controlled by 42 actuators and a central pattern generator (CPG) integrated with
a neural network, allowing for fluid and lifelike movements.

The robot is equipped with optical and distance sensors for autonomous
movement, and its sensors and microphones feed into an Al system that enables
it to respond dynamically to its environment. The development of ALTER 3 aims
to probe fundamental questions about whether robots can obtain a sense of life
and what life itself may mean.

Unitree G1

Unitree G1 is recognized for its exceptional flexibility and affordability, making it
a standout choice for robotics research and development. The robot is designed
to facilitate the exploration of advanced locomotion and manipulation
techniques, capable of performing a standing long jump of up to 1.4 meters—
possibly the longest jump ever achieved by a humanoid robot of its size.

The G1 robot is equipped with a dexterous 3-fingered hand that allows for
precise manipulation, supported by a maximum joint torque of 120 Nm. It boasts
43 degrees of freedom, enabling complex movements, and moves at a speed of 2
m/s. Sensory and communication enhancements include 3D LIDAR with a LIVOX
MID360 for 360° detection, an Intel RealSense D435i depth camera, and a
microphone array with noise and echo cancellation capabilities.

Its battery and power systems feature an extra-large quick-release battery,
supporting about two hours of battery life, and the robot’s design includes
hollow joint wiring, eliminating the need for external cables. Both G1 and G1 EDU
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models are further equipped with a high-performance 8-core CPU, depth camera,
3D LiDAR, four-microphone array, and connectivity options like WiFi 6 and
Bluetooth 5.2.

Accessories include a smart battery with quick release (9000mAh), a 54V 5A
charger, and a manual controller. The G1 comes with an 8-month warranty, while
the G1 EDU offers a 1-year warranty, with pricing for the G1 starting at US
$16,000.

ARMAR-6

Karlsruhe Institute of Technology

ARMAR-6, part of the ARMAR series of humanoid robots developed at the
Karlsruhe Institute of Technology, represents a lineage of robots that dates back
to 2000 with ARMAR-1, focusing initially on basic locomotion and manipulation.
Successive models such as ARMAR-2, ARMAR-3a, and ARMAR-3b (developed
between 2004 and 2007) have seen progressive improvements, enhancing
capabilities in interaction and more complex tasks.

ARMAR-6, a collaborative humanoid assistant designed for industrial
environments, embodies these advancements.

ARMAR-6 features a human-like torso and two arms mounted on a wheeled
base, enabling it to navigate industrial settings and utilize tools designed for
humans, like power drills and hammers. This robot has four computers in its
mobile base, providing substantial computational power for control, image
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processing, interaction algorithms, and implementing machine learning and
artificial intelligence through its ArmarX software architecture.

Its joints are powered by specially developed sensor-actuator-controller units
that allow precise and force-controlled movements, including continuous joint
rotation facilitated by slip rings.

The robot boasts 27 degrees of freedom and can lift to 10 kg with an arm fully
stretched out, achieving a maximum lifting capacity of 14 kg at average distances.
Standing at 192 cm with an arm span of 310 cm, ARMAR-6 operates at a working
height range from 0 cm to 240 cm and weighs 160 kg without batteries.

Its sensors include position, IMUs, torque, and temperature sensors across its
joints, supplemented by 6D force-torque sensors for interaction and laser
scanners for navigation. Two stereo camera systems, a depth camera, and
microphones enhance perception capabilities. ARMAR-6 runs on an EtherCAT bus
system, linking its multiple high-end PCs and GPU, ensuring robust autonomous
operations facilitated by a powerful battery system.

Astribot S1

Astribot

Astribot S1, described as an ‘all-purpose’ home robot, is specifically designed for
household tasks such as cooking, folding clothes, and operating a vacuum
cleaner. Unlike traditional humanoid robots with legs, the Astribot S1 features
motorized wheels and a flexible lower body that can bend in the middle,
supporting its tasks around the home with impressive agility and mobility.
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Standing approximately 5 feet 8 inches tall, Astribot S1 has a slender, sleek white
design. It boasts a payload capacity of 10 kg per arm and 7 degrees of freedom
per arm, allowing for a range of motion that rivals a human limb. The robot's
arms are equipped with touch sensors for safe interaction with objects and
people. Instead of a typical humanoid hand, it ends in a sensor-packing dual-
digit gripper, enhancing its capability for varied and precise tasks.

Astribot S1's agility and dexterity are notable, with a top speed of 10 meters per
second, faster than the average adult human. It can learn new tasks through
imitation learning, a feature showcased in various online demonstrations where
the robot performs activities like martial arts, making pancakes, and pouring
drinks. The robot was announced to be commercially available in 2024, although
specific details about its hardware specs or Al learning methods remain
undisclosed by the company.

Humanoid robots moving forward

As we conclude our exploration of the most remarkable humanoid robots of
2024, it's clear that the field of robotics continues to break boundaries and
challenge our expectations. In addition to the key players discussed numerous
other humanoid robots are making strides in specialized areas.

These include Nadine, who provides valuable social interaction; Robonaut 2 with
its space-oriented tasks; Sophia for her engaging discussions; Pepper’s role in
service industries; and NAO's contributions to educational settings. Recent
advancements in achieving a human-like gait in the SEO1 humanoid also hint at
many other pioneering projects.

While we've highlighted some key players, countless other advancements are
being made in labs and institutions around the globe, each promising to further
revolutionize how we interact with machines.
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Watch how Tesla’s humanoid robot recovers
from a stumble

I esla has released a video (below) of its Optimus humanoid robot out for a

leisurely stroll. The 38-second footage shows off the robot's ability to handle soft,
uneven ground, and for most of the time the bipedal bot looks pretty
comfortable as it walks about.

The most impressive part, however, comes at the end of the video when Optimus
recovers rather gracefully from an awkward slip as it descends a small but steep
slope. To recover in this way requires a lot of complex and lightning-fast
computing power, so the robot clearly does well to stay upright.

In an online post sharing the video, Tesla boss Elon Musk said, “Optimus can now
walk on highly variable ground using neural nets to control its electric limbs.”

Milan Kovac, vice president at Optimus, elaborated in a post of his own, noting
that Optimus is seen walking on mulched ground where he once slipped himself.

Kovac said: "What's really crazy here is that for these [walks], Optimus is actually
blind,” adding that the robot is maintaining its balance without any cameras to
guide it, relying instead on built-in sensors integrated with its onboard computer.

The executive said that to enable Optimus to plan ahead as it walks, his team
intends to incorporate computer vision, a sophisticated system that will enable
the robot to perceive and interact with its environment. They also want to
improve the robot’'s walking style to make it look more natural, and in cases
where a fall is unavoidable, it wants to design a safe way for it to topple over to
minimize damage.

Looking at videos of Boston Dynamics’ bipedal Atlas robot during its
development, we can see that it was walking in a similar way to Optimus back in
2016. A year later it was performing backflips, and not long after that it was able
to jog. We're looking forward to seeing Optimus’s hopefully rapid progression
over the next couple of years.
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Musk unveiled Optimus in 2021. At the launch event, Tesla didn't have a working
prototype ready so instead it hauled onto stage someone in a skintight bodysuit.
It's fair to say that the robot has come a long way since then.

The Tesla chief said we could see “thousands” of the robots working alongside
human staff at Tesla factories as early as next year, taking care of “dangerous,
repetitive, [and] boring tasks.” But Musk's target dates are known to slip, so don't
be surprised if it doesn't happen.

Plans for a commercial launch are also in the pipeline, but not until 2026 at the
earliest. Costing up to a whopping $30,000, Musk claims that Optimus could one
day function as a household helper capable of various tasks such as “babysit your
kid, walk your dog, mow your lawn, get the groceries, just be your friend, serve
drinks.”

Video Shows Robot Welding SpaceX Starship

Footage recently shared by NASASpaceflight shows a massive robotic arm appearing to weld one of the company's
Starship nosecones.

A Cure for Weldness

SpaceX is pulling out all the stops in preparation for the upcoming test launches
of its gigantic Starship spacecraft next year.

Footage shared by NASASpaceflight shows a large robotic arm appearing to weld
one of the company's Starship nosecones inside of its "Starfactory,” a massive
facility at the company's "Starbase" launch complex in South Texas.
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According to documents obtained by The Launch Pad Network last month,
SpaceX is targeting no earlier than January 11 for its upcoming seventh Starship
test.

The launch is expected to involve a new generation of Starship prototypes
dubbed "Block 2," the first of which will be "Ship 33." (It's unclear whether the
nosecone in the latest footage belongs to it or a different Block 2 Starship.)

The prototype will feature a new forward flap design, a new heatshield layout,
increased propellant capacity, and possibly even more thrust than its
predecessors, among other changes.

In other words, SpaceX is making some considerable changes to the design of its
Moonbound rocket, which could raise the stakes for the upcoming test launch
next month.

Acid Test

According to NASASpaceflight, Ship 33 completed early cryogenic testing in late
October.

But whether it survives its upcoming test flight unscathed remains unclear. During
the previous two launches, SpaceX's Starship spacecraft splashed down in the
ocean after experiencing scorching and metal-melting temperatures during
reentry.

To SpaceX CEO Elon Musk, getting to the point of being able to launch again
shortly after landing will be the real litmus test for an extremely ambitious, heavy-
lift launch platform that NASA is still hoping to use for its first — and recently
delayed — human landing on the Moon since the 1970s.

"The biggest technology challenge remaining for Starship is a fully & immediately
reusable heat shield," he tweeted last month. "Being able to land the ship, refill
propellant and launch right away with no refurbishment or laborious inspection.
That is the acid test."
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Watch 'ant-like’' robot swarms conquer
obstacles and transport heavy loads

~___ Robots lifting and object. Credit:
Device/Yang and Won et al.
Scientists in South Korea have developed swarms of tiny magnetic robots that work
together like ants to achieve Herculean feats, including traversing and picking up objects
many times their size.

The findings, published December 18 in Device, suggest that these microrobot swarms—
operating under a rotating magnetic field—could be used to take on difficult tasks in
challenging environments that individual robots would struggle to handle, such as offering a
minimally invasive treatment for clogged arteries and precisely guiding organisms.

"The high adaptability of microrobot swarms to their surroundings and high autonomy level
in swarm control were surprising,” says author Jeong Jae Wie of the Department of Organic
and Nano Engineering at Hanyang University in Seoul, South Korea.

Wie and colleagues tested how well microrobot swarms with different assembly
configurations performed at a variety of tasks. They found that swarms with high aspect
ratio assembly could climb an obstacle five times higher than the body length of a single
microrobot and hurl themselves, one by one, over an obstacle.

Robots traversing lifting and guiding objects. Credit: Device/Yang and Won et al.

A large swarm of 1,000 microrobots with high packing density formed a raft that floated on
water and wrapped itself around a pill that weighed 2,000 times more than each

individual robot, enabling the swarm to transport the drug through the liquid.

On dry land, a robot swarm managed to transport cargo 350 times heavier than each
individual, while another microrobot swarm was able to unclog tubes that resembled
blocked blood vessels. Finally, through spinning and orbital dragging motions, Wie's team
developed a system through which robot swarms could guide the motions of small
organisms.
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Scientists have become increasingly interested in studying how swarms of robots can
collectively achieve goals, inspired by the way ants band together to bridge a gap in a path
or huddle in the shape of a raft to survive floods.

Similarly, working together makes robots more resistant to failure—even if some members
of the group fall short of the goal, the rest keep performing their programmed motions until
enough of them eventually succeed.

Guiding an ant and more. Credit: Device/Yang and Won et al.

"Previous swarm robotics research has focused on spherical robots, which come together
through point-to-point contact,” says Wie. In this study, the researchers designed a swarm
made up of cube-shaped microrobots, which share stronger magnetic attractions since
larger surface areas—entire faces of each cube—can come into contact.

Each microrobot stands 600 micrometers tall and consists of an epoxy body embedded with
particles of ferromagnetic neodymium-iron-boron (NdFeB), which enables it to respond to
magnetic fields and interact with other microrobots. By powering the robots with a magnetic
field generated by rotating two connected magnets, the swarm can self-assemble.

The researchers programmed the robots to come together in different configurations by
varying the angle at which the robots were magnetized.

"We developed a cost-effective mass production method using onsite replica molding and
magnetization, ensuring uniform geometry and magnetization profiles for consistent
performance,” says Wie.

"While the study's results are promising, the swarms will need higher levels of autonomy
before they will be ready for real-world applications," says Wie.

"The magnetic microrobot swarms require external magnetic control and lack the ability to
autonomously navigate complex or confined spaces like real arteries," he says.

"Future research will focus on enhancing the autonomy level of the microrobot swarms,
such as real-time feedback control of their motions and trajectories."”

More information: Magnetic Swarm Intelligence of Mass-Produced Programmable
Microrobot Assemblies for Versatile Task Execution, Device (2024). DOI:
10.1016/|.device.2024.100626. www.cell.com/device/fulltext/S2666-9986(24)00583-0
Journal information: Device
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DNA origami builds nano-dinosaur, dancing
robot 1000x thinner than human hair

Marking a significant advancement in molecular robotics, researchers have
created custom-designed and programmable nanostructures using DNA origami.

The University of Sydney Nano Institute team employs “DNA origami,” a
technique harnessing DNA's natural folding abilities, the building blocks of life, to
craft innovative biological structures.

As a proof of concept, the researchers created over 50 nanoscale objects,
including a “nano-dinosaur,” a “dancing robot,” and a 150-nanometre-wide mini-
Australia—about 1,000 times thinner than a human hair.

“This innovative approach has potential across a range of applications, from
targeted drug delivery systems to responsive materials and energy-efficient
optical signal processing,” said the team, in a statement.

Programmable nano voxels

In the new study, researchers developed modular DNA origami voxels capable of
forming intricate three-dimensional nanostructures.

Voxels have a wider range of applications since they extend into the third
dimension, in contrast to pixels, which are just two-dimensional. Because of their
great degree of customization, these programmable nanostructures enable the
quick prototyping of a wide range of designs appropriate for numerous cutting-
edge applications.

The team claims that the novel method is essential for developing nanoscale
robotic systems for materials research, synthetic biology, and nanomedicine. By
utilizing DNA's inherent folding characteristics, these structures can be
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customized for applications such as responsive material development, targeted
medication delivery, or nanoscale precision manufacturing.

The technology’s versatility enables applications such as adaptive materials that
alter optical properties based on environmental changes and autonomous
nanorobots capable of targeting and neutralizing cancer cells.

Drawing inspiration from construction methods like Meccano or string-based cat
cradles, this technique replaces traditional materials with nanoscale biological
components, unlocking new possibilities. DNA as a building material not only
provides structural flexibility but also ensures compatibility with biological
systems, making it ideal for medical and environmental applications.

The team highlights that the advancement marks a significant step toward
creating dynamic, multifunctional nanorobots and materials with transformative
potential across multiple scientific and industrial domains.

Adaptive nanobots

To assemble the voxels, the researchers attach additional DNA strands to the
exterior of the nanostructures. These strands serve as programmable binding
sites, functioning like color-coded Velcro, where only matching strands—
determined by complementary DNA sequences—can connect.

The method provides precise control over voxel interactions, enabling the
formation of customizable and highly specific architectures.

This technology holds immense promise, particularly in creating nanoscale
robotic systems capable of precise drug delivery. Designed with DNA origami,
these nanobots can detect specific biological signals, ensuring drugs are released
only at the intended location and time. This approach not only improves the
precision of treatments, such as cancer therapies but also reduces potential side
effects by minimizing exposure to non-targeted areas.

Beyond drug delivery, the innovation extends to developing advanced materials
with adaptive properties. These materials can respond dynamically to
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environmental changes, such as varying loads, temperature shifts, or fluctuations
in acidity.

According to researchers, this adaptability makes them suitable for a wide range
of applications, from medical devices to smart components in computing and
electronics. By tailoring these materials to react to external stimuli, researchers
aim to revolutionize fields that require precision, responsiveness, and enhanced
performance in challenging environments.

“This work enables us to imagine a world where nanobots can get to work on a
huge range of tasks, from treating the human body to building futuristic
electronic devices,” said Dr Shelley Wickham, the research team leader at the
University of Sydney, in a statement.

The team is exploring energy-efficient optical signal processing using DNA
origami. This could enhance speed and accuracy in medical diagnostics and
security.

China Unveils Spherical Robot Cop with
Advanced Al and Facial Recognition
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China has revealed a spherical police robot designed to autonomously
pursue and immobilize criminals by shooting nets and rolling at
speeds of up to 35 km/h.

Why it matters: China’'s latest law enforcement innovation, a spherical robot
dubbed RT-G, combines artificial intelligence with facial recognition technology
to create an autonomous police unit capable of operating on land and water. As
reported by Fox News, the development signals a significant shift toward
automated law enforcement.

The Big Picture: Cybernews reports that it was developed by Hangzhou-
based Logon Technology, and the RT-G offers unprecedented capabilities:

» Speeds up to 35 km/h

« Withstands impacts up to four tons
o Operates autonomously using Al

« Deploys non-lethal weapons

o Costs between $41,300-$55,000

Technical Innovation: The robot’s spherical design enables unique advantages:

« Amphibious operation in water and on land

« Advanced facial recognition for criminal identification
o Environmental disturbance sensors

« Non-lethal equipment including net guns and tear gas
« Ability to survive significant falls

Market Impact: The RT-G has attracted international attention:

« Middle Eastern buyers express strong interest

o Production costs remain relatively accessible

« Potential applications beyond law enforcement
« Adaptable for firefighting and rescue operations

Looking Forward: While the RT-G represents a significant advancement in
automated law enforcement, its deployment raises important questions about
privacy, ethics, and the role of human judgment in policing.
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430,000x faster than reality: New physics
engine accelerates Al robot training

430,000x faster than reality: New physics engine accelerates Al robot training

Al robotics training has been increased tremendously with the help of a new tool.
Called 'Genesis’, the tool is a new open-source computer simulation system.

Unveiled by a large group of university and private industry researchers, the
system reportedly lets robots practice tasks in simulated reality 430,000 times
faster than in the real world.

According to researchers, an Al agent is also planned to generate 3D physics
simulations from text prompts.

Powered by a universal physics engine

Genesis, which is powered by a universal physics engine re-designed and re-built
from the ground up, integrates various physics solvers and their coupling into a
unified framework. This core physics engine is further enhanced by a generative
agent framework that operates at an upper level, aiming towards fully automated
data generation for robotics and beyond. The generative framework aims to
automate generating data and multiple modalities.

Designed for general purpose robotics, embodied Al, & physical Al applications,
the system is a universal physics engine that's capable of simulating a wide range
of materials and physical phenomena.

Speech audio, facial animation

The system, which is lightweight, ultra-fast, pythonic, and user-friendly robotics
simulation platform, is a powerful and fast photo-realistic rendering tool.

Researchers have maintained that currently, they are open-sourcing the
underlying physics engine and the simulation platform. Access to the generative
framework will be rolled out gradually in the near future, according to the
research team.
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The framework is aimed at integrating physically-accurate & spatially consistent
videos, camera motion & parameters, human and animal character motion,
robotic manipulation & locomotion policy, fully interactive 3D scene, speech
audio, facial animation & emotion.

System leverages GPU-accelerated parallel
computation

The team claims that Genesis is a highly-optimized physics engine that leverages
GPU-accelerated parallel computation, with features like optimized collision
checking, auto-hibernation, contact island, etc.

In large-scale simulation, Genesis utilized auto-hibernation to speed up
simulation of entities that are in converged and static states. (This feature is
under testing and will be released in version 0.1.1). When simulating a
manipulation scene (with a single plane and a Franka arm), Genesis runs at 43
million FPS, which is 430,000 times faster than in real time, according to

a statement by researchers.

“If an Al can control 1,000 robots to perform 1 million skills in 1 billion different
simulations, then it may just work in our real world, which is simply another point
in the vast space of possible realities. This is the fundamental principle behind
why simulation works so effectively for robotics,” said Nvidia researcher Jim Fan,
who contributed “a small part” to the project.

Empowered by a VLM-based generated agent

The research team also maintained that Genesis's physics engine is empowered
by a VLM-based generated agent that uses the APIs provided by the simulation
infrastructure as tools to create 4D dynamic worlds, which can then be used as a
foundational data source for extracting various modalities of data.

"Together with modules for generating camera and object motion, we are able to
generate physically-accurate and view-consistent videos and other modalities of
data,” said researchers.
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"Genesis’s physics engine is developed in pure Python, while being 10-80x faster
than existing GPU-accelerated stacks like Isaac Gym and MJX. It delivers a
simulation speed ~430,000 faster than in real-time, and takes only 26 seconds to
train a robotic locomotion policy transferrable to the real world on a single
RTX4090,” said Zhou Xian, who has been part of the project is currently doing a
PhD in robotics & Al from CMU Robotics Institute.

FEBRUARY 24, 2025

Soft robotic fish demonstrates advanced
multi-mode swimming capabilities

by Zhang Nannan, Chinese Academy of Sciences
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Bionic mechanisms of the soft robotic fish. Credit: Ruigian Wang et al

Researchers from the Shenyang Institute of Automation of the Chinese Academy of
Sciences have developed a multi-mode swimming soft robotic fish. Drawing inspiration from
the highly sensitive lateral line sensing system and advanced muscle actuation mechanisms

219


https://x.com/zhou_xian_/status/1869511650782658846
javascript:void(0)
https://english.cas.cn/

of natural fish, the new design integrates actuation, perception, and control capabilities,
offering significant advancements in underwater robotics.

The study, published on January 21 in IEEE Transactions on Robotics, presents a soft
robotic fish that can perform four distinct swimming modes, surpassing similar systems in
both versatility and sensing capabilities.

The research marks significant progress in three critical areas: cooperative control
strategies for multi-actuation units, the implementation of flexible embedded sensing
systems, and intelligent environment-adaptive mode switching.

By mimicking the mackerel's biological structure, the researchers utilized 3D printing
technology to design a flexible bionic structure paired with a soft actuator. The actuator
integrates three specialized components arranged in functional layers: compression
springs, dielectric elastomer membranes, and flexible electrodes.
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Swimming characteristics of the robotic fish in different environments. Credit: Ruigian Wang
et al

To replicate the fish's lateral line system, which detects movement and environmental
changes, the researchers developed high-precision flexible strain transducers. These

sensors enable the robotic fish to sense its swimming state and changes in the surrounding

fluid environment, allowing it to adaptively switch to the optimal swimming modes.
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Furthermore, by synergistically controlling the excitation amplitude and sequence of multiple
bionic muscle units, the robotic fish successfully reproduces the various swimming modes
seen in natural fish and adapts to different swimming environments.

More information: Ruigian Wang et al, Soft Robotic Fish Actuated by Bionic Muscle With
Embedded Sensing for Self-Adaptive Multiple Modes Swimming, IEEE Transactions on
Robotics (2025). DOI: 10.1109/TR0O.2025.3532520

Journal information: |[EEE Transactions on Robotics

Provided by Chinese Academy of Sciences
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