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ABSTRACT: In the contemporary era, rapid advancements in robotic and electronic technologies have
led to the extensive development of exoskeletons as advanced wearable devices. Integrating sensors,
actuators, and artificial intelligence algorithms, these devices have significantly improved the quality
of life for individuals with mobility impairments, enhanced physical capabilities for healthy users,
and facilitated various industrial and military activities. This paper provides a comprehensive review
of the historical evolution and progress of lower-limb exoskeletons, tracing their development from
initial concepts in the 19th century to today’s sophisticated models. The paper further examines the
development trends, classifications, and applications of these systems within rehabilitation, medical,
industrial, and military contexts. A functional analysis of the technology, focusing on objectives such
as reducing inertial load forces, transferring weight to the ground, and enhancing human joint strength,
reveals notable successes alongside ongoing challenges, including high production costs, technical
complexity, and limitations in mimicking natural body movements. Additionally, emerging opportunities
in fields such as sports, artificial intelligence, and user-centered design are discussed. Findings from
this systematic review can aid in optimizing design, reducing device weight, and enhancing efficiency.
Ultimately, the paper presents a future-oriented perspective on exoskeleton development, emphasizing
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their crucial role in everyday life and medical practices.

1- Introduction

Exoskeletons are intelligent, wearable machines designed
to support daily activities, augment physical strength, and
restore lost motor functions. These devices come in various
forms, such as robotic suits, smart garments, or exoskeletal
limbs, and are increasingly applied in domains ranging
from medical rehabilitation and industrial labor to military
operations and personal assistance. Their broad capabilities
enable them to enhance balance, precision, speed, and force
output, thereby improving the quality of life for diverse user
groups [1, 2]. The early development of wearable robotics
dates back to the early 20th century, but progress accelerated
significantly with strong financial support from agencies
such as DARPA, resulting in iconic systems like the Berkeley
Lower Extremity Exoskeleton (BLEEX) and its successors
[2-5].

While some exoskeletons are developed to enhance
strength in healthy individuals, others are specifically
designed for the rehabilitation of people with physical
impairments, especially those recovering from spinal cord
injuries or strokes. Devices such as the Lokomat, Gait
Trainer, and Active Leg Exoskeleton (ALEX) use hydraulic,
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pneumatic, or electric actuators to replicate natural gait
and assist with movement re-learning [6-8]. Advances in
biomechanics and biologically inspired actuation, such as
pneumatic muscles, have led to smoother and more adaptive
movements [9]. Additionally, adaptive control strategies and
machine learning techniques now allow these systems to
tailor their behavior in real time, offering more effective and
personalized therapeutic outcomes [10]. Clinical studies have
shown that integrating robotic systems with conventional
physiotherapy can significantly accelerate recovery and
improve patient independence.

Exoskeletons are generally categorized by the body region
they support, such as upper limb, lower limb, full-body, or
joint-specific configurations, and by their operational mode:
activeorpassive[11, 12]. Passive exoskeletons use mechanical
elements like springs and dampers to store and release
energy without requiring external power. These systems are
simple, cost-effective, and durable, though they are often less
suitable for rehabilitation where active assistance is essential
[12]. In contrast, active exoskeletons employ electric or
hydraulic actuators to provide adjustable support based on
user needs and external loads, offering superior adaptability
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and performance but with increased complexity and weight.
Recent research has prioritized reducing system weight,
improving energy efficiency, and integrating intelligent
features. Reviews by Yao et al. [13], Coser et al. [14], and
Belal et al. [15] emphasize the role of artificial intelligence,
particularly deep learning and reinforcement learning, in
motion prediction, gait-phase detection, and user intention
recognition [16-18]. These innovations enhance control
accuracy and improve the personalization and responsiveness
of human-robot interaction.

This paper examines the history, developments, and
applications of lower-limb exoskeleton robots. It begins with
a comprehensive historical overview of wearable robotics,
covering early developments up to 1972, the growth period
from 1973 to 2000, advancements between 2000 and 2010,
and the current progress since 2010. It then introduces the
primary classifications of wearable robots based on their
applications and functions. The final section discusses
future perspectives, challenges, opportunities, and emerging
applications, and concludes with an overall summary of the
presented topics.

2- Future Perspective

Advancements in design, materials, and control systems
have brought lower-limb exoskeletons closer to widespread
clinical, industrial, and everyday wuse. FDA-approved
devices are already used in rehabilitation to restore walking
in individuals with severe mobility impairments, while
research prototypes continue to expand understanding
of user-exoskeleton interaction. Benefits extend beyond
mobility, including reduced spasticity and improved
circulation. However, large-scale randomized controlled
trials (RCTs) have yet to deliver conclusive evidence, and
clinical guidelines remain cautious about recommending
exoskeletons for stroke, SCI, and TBI patients [2, 19].

Despite this, the potential for exoskeletons to enhance
mobility in healthy users is largely untapped. User acceptance
remains a key challenge, influenced by factors like comfort,
weight, and ease of use. Addressing these issues, alongside
improvements in technology, human-machine interaction, and
affordability, may support broader adoption beyond medical
contexts. Persistent challenges such as high cost, limited
clinical endorsement, and complex user adaptation continue
to hinder widespread use. Future designs must integrate
intelligent control, personalized adaptation, and efficient
mechanics to meet both clinical and daily-life demands.

3- Conclusions

Lower-limb exoskeletons represent one of the most
advanced wearable technologies, offering substantial
benefits for users with mobility impairments, enhancing
physical performance in healthy individuals, and supporting
industrial and military applications. This paper reviewed
the historical evolution of exoskeletons—from early 20th-
century prototypes to modern systems integrating artificial
intelligence, advanced sensors, and lightweight materials.

A key contribution of this study was the classification
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of exoskeletons based on functional objectives such as load
redistribution, joint augmentation, and hybrid capabilities.
While significant progress has been made, widespread
adoption remains limited due to high costs, mechanical
complexity, limited replication of natural movement, and
insufficient clinical validation. The lack of robust randomized
controlled trials (RCTs) further constrains their integration
into mainstream rehabilitation practices. Looking ahead,
advances in adaptive control, lightweight materials, and user-
centered design could significantly improve exoskeleton
performance and accessibility. Developing affordable,
high-performance systems that align closely with human
biomechanics may unlock broader applications across
healthcare, industry, defense, and everyday life. Continued
research, especially in intelligent control systems and human-
robot interaction, will be essential to realize the full potential
of this transformative technology.
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Fig. 1. Overview of exoskeletons developed up to 1972. (a) General Electric — Hardiman robot. (b) Powered
leg robot.
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Fig. 2. Number of published articles on exoskeletons between 1973-2000
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Table 2. Review of key developments in lower-limb exoskeletons during the 2000s to 2010 (Continued).
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Table 4. Review of key developments in lower-limb exoskeletons from the 2010s to the present
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Fig. 5. Devices for reducing inertial load forces. (a) An elastic backpack. (b) A backpack with motor-adjustable
stiffness. (¢) An active control system based on an accelerometer. (d) A backpack with motor-controlled load
acceleration.
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Fig. 6. Devices for transferring load weight to the ground. (a) Wheel-based device. (b) BLEEX. (¢) Lower-limb
exoskeleton with a parallel structure. (d) Exoskeleton with joint springs and variable dampers.
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Fig. 7. Devices for assisting human joints. (a) Schematic of a joint-targeting exoskeleton for healthy and im-
paired users. (b) Standalone ankle exoskeleton. (c) RoboKnee Exoskeleton. (d) An outer suit connected to hip
extension. (e) An outer suit connected to hip extension.
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Fig. 8. Devices for simultaneous load weight transfer and joint assistance. (a) HULC System. (b) Hanyang Exo-
skeleton. (c) BioComEx.
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3. Deep Neural Networks (DNNs)
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