Journal of Engineering and Technology Management 77 (2025)
Humanoid Robots: Applications and Future

Trajectories

Mrs. Pushpa V!, Dr. Sunil Kumar R M?
"M.Tech Student, Dept. of CSE, RLJIT
2 Associate Professor, Dept. of CSE, RLJIT

Abstract

A key field in robotics and artificial intelligence is represented by humanoid robots, which
are made to imitate the human body and abilities. An in-depth examination of the useful
advances in humanoid robotics is given in this studies which also examines the field's
foundational technologies, wide range of practical uses, and evolving market conditions. It
explores the complex actuation processes, sophisticated design concepts, and sophisticated
sensing abilities that allow these robots to move through and engage with human-centered
environments. The study also emphasizes how humanoid robots have revolutionized several
industries, such as health are education, manufacturing, personal help, and hazardous

environment operations, clearly identifies how they can improve quality of life, safety, and
productivity. In addition to discussions of new investment trends and the roles of top
companies, the current market valuation and anticipated growth are examined. Lastly, the
study concludes by looking at the wider societal ramifications, highlighting how these robots
can enhance human potential, open up new business prospects, and call for strong ethical
frameworks for responsible development. The extensive potential of humanoid robots to
blend in and improve future societies is highlighted by the collective analysis.
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1. Introduction

From the earliest stories of automatons to the advanced humanoid robots of today, the idea of
artificial entities that could replicate human behavior has fascinated people for centuries [11]. In
essence, a humanoid robot is a machine designed to have a torso, head, two arms, and two legs,
much like the human body. This anthropomorphic design has a vital, practical function in addition to
being aesthetically pleasing: it makes it possible for robots to effectively interact with human tools
and environments without requiring significant changes to the current infrastructure [13], [16].
Humanoid robots are positioned as a game-changing technology that could significantly influence
the economic and social developments of a country due to their innate compatibility with human-
designed spaces [7]. Through the integration of developments in mechanics, computer science,
electronics, artificial intelligence, sensing, and actuation, humanoid robotics has evolved as a
multidisciplinary endeavor [1], [10].

Robots advanced from simple movement imitation to intelligent systems with human-like
characteristics in the early 21st century, thanks to initial research in the 1970s [11], [13]. The
objective of this paper is to present a thorough analysis of the technological foundations, real-world
applications, market dynamics, and wider societal ramifications of the positive trajectory of
humanoid robots [5]. The sections that follow will explain how these devices are not just enhancing
human capabilities but are simultaneously creating fresh opportunities for economic expansion and
innovation [6].

2. Literature Survey

Over the past few decades, research on humanoid robots has moved from experimental prototypes to
advanced, real-world systems. Early projects like WABOT and Honda’s ASIMO proved that human-
like walking and interaction were possible [10], [12]. Platforms such as HRP-2 and DARwIn-OP
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Key studies have explored the core technologies that make humanoids work — from balance control
and whole-body motion planning [13], [15] to vision-based perception and pose recognition [14].
Research into materials and energy efficiency has led to lighter structures and longer operating times
[1]-3].

Recent advancements focus on smarter Al, multi-modal sensing, and adaptive learning, enabling
robots to work more naturally alongside people [7], [8], [14]. At the same time, market analyses
highlight strong growth potential, while emphasizing the need for ethical design and safety standards
as these robots become part of everyday life [4]-[6].

In short, the literature shows steady technical progress — but also ongoing challenges in energy
autonomy, safe human—robot interaction, affordability, and ethical governance.

3. Basic Technologies and Present-Day Capabilities

Humanoid robots’ growing complexity and functionality are directly related to ongoing developments
in several fundamental technological fields [1], [16]. Together, these fundamental components give
robots the ability to see, move, make decisions, and interact in ways that resemble those of humans
[13].

3.1 Anthropomorphic Benefits and Design Principles

Intelligent perception, which 1is accomplished through multi-modal sensing for
environmental awareness; motion control, which coordinates complex joint systems for fluid
and agile movement; intelligent decision-making, which enables sophisticated task planning
and autonomous operation; and human-robot interaction, which facilitates natural
communication and collaboration with humans, are the four key capabilities that set these
advanced machines apart. Together, these skills enable humanoids to carry out a wide
variety of tasks that would otherwise call for specialised, specially designed machinery.
Based on how they move, humanoid robots can be broadly categorised; each has unique
benefits and engineering challenges. Bipedal humanoid robots with human-like legs and
feet for walking and balancing include the Boston Dynamics Atlas, Tesla Optimus, Unitree
H1 Fourier Intelligence GR-1, and Kepler K2. Although it requires extremely complex
balance control systems, this design gives humans the greatest amount of mobility possible
in human environments, enabling them to climb stairs and traverse uneven terrain. On the
other hand, wheeled humanoid robots, such as the Agibot A2-W, Amazon Digit, SoftBank
Pepper, and Toyota HSR, combine a wheeled base with an upper body that resembles a
human. Although it restricts their ability to climb stairs, this configuration prioritizes upper-
body manipulation skills and lowers mechanical complexity while providing greater stability
and energy efficiency. The decision between designs that are carried and those that are
bipedal frequently varies depending on the environment and main application,
demonstrating how the humanoid form factor can be tailored to meet a variety of operational
requirements.
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Fig 1: Bipedal and Wheeled humanoid Robots
3.2 Motion Control and Advanced Actuation Systems
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e Actuators are esseRHAN S ERABRRE A% Ve ORI MAsAIeMEN K207 @han muscles and joints.

e Electric actuators are compact and widely used but may require several units per joint for
sufficient power in human-sized robots (e.g., HRP-2).

e Hydraulic actuators deliver high power and precise torque control, ideal for demanding tasks (e.g.,
Boston Dynamics’ ATLAS), though they tend to be bulkier.

e Pneumatic actuators (like McKibben muscles) use compressed air for linear motion, expanding
and contracting like biological muscles; best for lighter, responsive tasks.
Innovations in electro-hydrostatic actuators (EHAs) help address size and integration challenges.

e Motion Planning: Humanoid robots require careful design of movement trajectories for realistic,
stable bipedal locomotion.

e Mobility: Advanced robots can walk, run, climb stairs, and navigate uneven terrain thanks to
dynamic bipedalism and effective actuation

Fig 2: HRP-2 ROBOT

3.3 Advanced Perception and Sensing Technologies

With the help of a sophisticated array of sensors that mimic human sensory abilities,
humanoid robots can perceive and comprehend their surroundings with amazing detail[ 14].
Robots can obtained detailed information about the "real world" and effectively interact with
it thanks to this multi-modal sensing, which is essential for intelligent perception.

High-resolution cameras are essential for visual perception because they allow for
object identification, classification, and recognition[14].These cameras, when combined
with computer vision, assist robots in comprehending the orientation (pose) of objects and
devising suitable grasping techniques for manipulative tasks[17]. In addition to cameras,
LiDAR (Light Detection and Ranging) systems offer preserving security and stability. For
humanoids to function dependably and efficiently in intricate, imprecise depth sensing and

environmental scanning both of which are essential for mapping and navigation a
comprehensive approach to control is required. Robots can create intricate 3D maps of
unfamiliar environments using LIDAR and cameras, locate themselves within those maps,
and use Simultaneous Localization and Mapping (SLAM) to plan effective, obstacle-
avoiding routes in real time. For humanoids to move safely and efficiently in intricate,
dynamic environments, they must have this navigation autonomy/[1].

Force sensors replicate the human sense of touch by providing tactile feedback in addition to
visual and depth sensing.

3.4 Integration of Machine learning and Artificial Intelligence

Advanced machine learning (ML) and artificial intelligence (AI) algorithms are crucial to
the amazing capabilities of contemporary humanoid robots[1],[8]. Robots can now do more
than just follow preprogrammed commands thanks to these intelligent systems, which also
facilitate natural human- robot interaction, adaptive learning, and autonomous decision-
making.
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sophisticated perception skills like pose estimation and object recognition[7]. This enables
humanoids to recognized and classify objects in their surroundings, comprehend their spatial
orientation, and then devise efficient grasping and manipulation techniques.

Speech recognition and natural language processing (NLP) are essential for human-robot
interaction because they allow humanoids to comprehend human commands, carry on casual
conversations, and even decipher subtle emotional cues[8]from facial expressions and voice
tones. For smooth cooperation and assimilation into human society, this innate ability to
communicate is essential. Embodied intelligence has been greatly accelerated by the
development of large language models[8].

Humanoid robots are, therefore, perfect test subjects for confirming that these models can be
Successfully engage with the real world.

Robots can learn difficult tasks through trial and error using Reinforcement Learning (RL),
frequently in simulated environments before actual deployment. This makes it possible for
them to adaptively learn new motor skills and task execution techniques. Robots can be
taught new tasks by watching human demonstrations, which enhances RL,imitation learning,
or learning from demonstration, and makes programming easier to understand and more
approachable.Developments in Material Science and Power Sources.

4. Use cases and beneficial applications

4.1 Education and Research

¢ Humanoid robots like Moxie and NAO foster social-emotional skills, language learning, and
coding, using interactive Al and storytelling.

e They enable personalized education by adapting content to individual student needs, often resulting
in improved engagement and social outcomes for students—especially those with special needs.

e Robots like Whalesbot H7 and Ameca allow hands-on exploration of AI, robotics, and
biomechanics, bridging theory with practice.

e The educational robot market has rapidly expanded, reflecting their growing role in preparing
students for tech-driven careers.

e These robots serve as experimental platforms for Al, machine learning, and human-robot interaction
research.

4.2 Production and Transportation

In manufacturing and logistics, humanoid robots increase productivity, efficiency, and safety,
seamlessly integrating into human-oriented environments.

Examples include Mercedes-Benz and BMW using robots for assembly, material handling, and
quality control.

Robots like Digit, Walker S1, and solutions from Apptronik help with repetitive logistical tasks,
reducing labor needs and workplace risks.

4.3 Medical Care and Elderly Assistance

Robots such as Diligent Robotics’ Moxi streamline hospital logistics, letting professionals focus on
patient care.

Humanoid robots support elderly individuals with companionship, health checks, daily reminders,
and safety, promoting independent living.

In rehabilitation, robots like Baxter and NAO assist therapists with routine exercises, while devices
like E-BAR enhance mobility for seniors.

4.4 Disaster Response and Hazardous Environments
Humanoid robots are valuable in disaster zones and hazardous sites—locating survivors, delivering
supplies, analyzing contamination, and enabling bomb disposal—especially in spaces designed for
humans.

Adoption Rate of Humanoid Robots by Sector (2025)

This pie chart illustrates how humanoid robots are expected to be used across different fields by 2025,
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Robots Adoption by Sector 2025

B Production and
Transportation 35%
M Education 30%

Medical care and Elderly
Assistance 25%

Fig 3: Usage of ROBOTS in different sectors
5. Market Conditions and Prospects

Due to substantial investment, growing demand across multiple industries, and technological
advancements, the market for humanoid robots is expanding rapidly. The predictions point
to a significant growth in the upcoming years, establishing humanoids as a crucial part of
automation in the future.

5.1 Market Size and Growth

Current Value: The humanoid robot market in 2024 is valued at around $1.55 billion,
expected to reach $1.80 billion in 2025 and $4.04 billion by 2030 at a 17.5% CAGR.
Optimistic Forecast: Some projections see the market at $2.92 billion in 2025, soaring to
$15.26 billion by 2030 (39.2% CAGR), illustrating strong growth potential.

Component Expansion: Market for sensory components alone is expected to grow 14-fold
in 5 years and surpass $10 billion in a decade, reflecting the broad industry impact.
Investments: Startups like Figure AI have raised major investments, with total robotics
funding reaching $18.5 billion in 2024 and valuations at premium levels, highlighting strong
investor confidence and industrial commitment.

5.2. Investment Drivers and Application Areas

Demand Sectors: Key growth is driven by healthcare (patient care, companionship),
education (tutoring, classroom support), and customer service (retail, hospitality, airports).
Labor Shortages: Robots address labor shortages and rising service expectations;
increasing adoption in settings that value efficiency and 24/7 availability.

Technological Enablers: Advances in artificial intelligence, machine learning, and robotics
hardware enable more natural dialogue, agility, and adaptability.

5.3 Use Case Trends

Personal Assistance: Robotics are becoming indispensable as personal assistants, handling
tasks like cleaning, organizing, meal preparation, and schedule management. They improve
independent living and quality of life, particularly for the elderly and those with disabilities.
Customer Service: Robots like Softbank’s Pepper offer face recognition, emotional
interaction, and task automation in public settings, freeing up human staff for complex
duties.

Disaster Response: Robots excel in hazardous environments (e.g., handling toxic materials,
working in confined spaces) and improve safety and productivity in sectors like mining and

PAGE NO: 665



energy. Journal of Engineering and Technology Management 77 (2025)

Healthcare and Education: Support mobility-impaired individuals via exosuits/prosthetics;
aid social development for children with autism.

5.4 Economic and Workforce Impact

Productivity & Cost Savings: Robots run up to 20 hours/day (~7,000 hours/year),
substantially boosting productivity and potentially saving $500,000—$1 million per worker
over 20 years.

Job Transition: While automation may displace some jobs, it is expected to create 97
million new positions (Al trainers, robotics engineers, etc.) and shift human labor toward
creative/strategic roles.

GDP Influence: Heavy investments could increase national GDP by 10%+ in the early
2030s and possibly 100% by the late 2030s for countries leading in robot adoption.

Worker Upskilling: Success requires careful reskilling/upskilling efforts to ensure equitable
benefit distribution.

5.5 Regional and Corporate Leaders

Asia-Pacific: Led by China, Japan, South Korea with strong manufacturing, innovation, and
aging populations driving adoption.

North America: Largest market share in 2024, led by US, Canada, Mexico, and significant
new product rollouts (e.g., Sanctuary Al’s Phoenix).

Europe: Focused on human-centric robotics, with Germany as a key growth hub.

Key Companies: SoftBank, ROBOTIS, UBTECH, PAL Robotics, Agility Robotics,
Toyota, Honda, Tesla, Figure Al, Boston Dynamics, among others.

5.6 Societal and Ethical Considerations

Quality of Life: Robots can strengthen daily living, relieve stress, and provide emotional
support or companionship.

Social Integration: Carcful design and ethical oversight are needed to manage issues like
anthropomorphism, social isolation risks, and privacy—especially in sensitive uses (elder,
children’s care).

Ethics: Prioritize privacy, ethical AI use, human-robot trust, and transparency in
development. Address potential for social manipulation or over-reliance.

Cost and Accessibility: High costs remain a barrier, but scale should improve affordability;
clear guidelines are needed to ensure responsible adoption and safety.

6. Conclusion

Humanoid robots have evolved from conceptual automatons into advanced, multidisciplinary
systems that integrate mechanics, electronics, artificial intelligence, and sensing technologies [16].
Their anthropomorphic design enables seamless interaction within human-centric environments,
making them valuable across diverse sectors such as healthcare, education, manufacturing, and
disaster response [6]. Recent advancements in actuation systems, perception technologies, and Al
have significantly expanded their functional capabilities, allowing them to perform complex,
adaptive tasks with higher autonomy and efficiency [10].

Market trends indicate a strong growth trajectory driven by technological breakthroughs, industrial
demand, and societal needs, with Asia-Pacific, North America, and Europe emerging as key
adoption regions [6]. While the potential benefits include enhanced productivity, improved quality
of life, and new economic opportunities [7],the integration of humanoid robots also raises important
ethical considerations, including privacy, accessibility, and social impact [8].
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reshaping industries, augmenting human abilities, and redefining the nature of human—machine
collaboration [5]. Responsible innovation, guided by robust ethical frameworks, will be essential to
ensure their deployment fosters inclusive, safe, and sustainable societal progress [8].

7. Future Enhancements
Humanoid robots are expected to advance in several key areas:

¢ Smarter Autonomy — Next-generation Al will allow deeper understanding, multi-tasking,
and adaptive decision-making in unpredictable environments [1], [8].

e Energy Efficiency — Lightweight materials, better batteries, and energy recovery systems will
extend operation time while lowering costs [2], [3].

¢ Natural Interaction — Improved emotional intelligence, gesture recognition, and multilingual
support will make communication more human-like [8], [14].

e Affordability — Modular designs and scalable manufacturing will reduce costs, expanding
accessibility [5], [6].

e JoT & Cloud Integration — Real-time updates, shared intelligence, and global collaboration
via secure networks [4], [8].

e Mobility & Dexterity — Advances in actuation and balance will enhance terrain adaptability
and precise object handling [10], [15].

e Ethical Standards — Stronger policies for safety, privacy, and responsibility will guide
responsible adoption [7], [8].
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