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ABSTRACT

Lower limb exoskeletons are wearable mechanical or mechatronic equipment deve-
loped as augmentative devices that work in concert with the user’s movements to
provide physical assistance through torques or structural support. The exoskeleton
moves with the user and can act actively or passively, adding strength to the wearer.
In addition, they allow maintaining human dexterity, agility, and adaptability (Bär et al.,
2021). Depending on the field of application, these devices can be separated into two
main categories: assistive and augmentation exoskeletons. Thus, assistive exoskele-
tons are designed to assist/replace the impaired parts of the users, restore physical
movements, increase independence, and improve patients quality of life. Alternati-
vely, augmentation exoskeletons can be found in industries to improve ergonomics,
reduce the risk of exposure to demanding working conditions, prevent work accidents,
reduce users’ acute physical stress and strain and increase the operator’s efficiency.
As well as in military tasks to allow soldiers to carry heavy equipment while walking.
Due to its wide use in various applications and the exponentially growing number of
research studies in this area, the primary purpose of this article is to provide state
of the art regarding lower limb exoskeletons, giving some examples of their general
present-day use.
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INTRODUCTION

Lower limb exoskeletons are wearable devices that focus on the wearer’s
mobility, helping users perform a wide range of tasks. This brief review
divided lower limb exoskeletons into two types: augmentation and assistive
exoskeletons, each used in a different field of application.

Augmentation exoskeletons can assist in daily living or working tasks, such
as carrying or lifting heavy loads, reducing the burden in physically deman-
ding tasks, walking, ascending/descending stairs, as well as inmilitary tasks to
allow soldiers to carry heavy equipment while walking (Bär et al., 2021; Fer-
reira et al., 2020; Flor et al., 2021; Mooney et al., 2014). Alternatively, lower
limb assistive exoskeletons are used in the rehabilitation field to provide
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power assistance to help regain mobility and strength in a user’s joint/limb
motion where functionality is limited or lost. Moreover, these exoskeletons
can also help elderly people perform activities of daily living. As people get
older, they may lose their physical and cognitive faculties, compromising their
ability to carry out basic life activities. Physical assistive exoskeletons can
help in such situations to support elderly people remain independent and, in
addition, reduce the burden on healthcare resources.

The research in lower limb exokeletons has been exponentially grow-
ing to achieve a model that can reproduce the required flexibility, optimize
human well-being, the uniqueness of human motions, and the general system
performance without causing discomfort and/or injuries. Therefore, the
primary purpose of this article is to provide a state of the art of lower
limb exoskeletons, giving some examples of assistive and augmentation
exoskeletons.

LOWER LIMB ASSISTIVE EXOSKELETONS

The World Health Organization (WHO) has defined rehabilitation as “a set
of interventions designed to optimize functioning and reduce disability in
individuals with health conditions, in interaction with their environment”.
Assistive exoskeletons provide power assistance or restore motion in phy-
sically disabled, injured, or weak people who cannot walk due to various
medical reasons, such as neurological disorders, stroke, and cerebral palsy.
They can deliver highly controlled repetitive and intensive training, reduce
the therapist intervention, and provide a quantitative assessment of motion
and forces. Additionally, these exoskeletons can help or replace the impaired
parts of the users, increase independence, improve elderly care, and improve
the user’s life quality (Gorgey et al., 2019; Vaughan-Graham et al., 2020; Bai
et al., 2019).

This brief review identified 35 lower limb assistive exoskeletons (Bai et al.,
2019; Bortole et al., 2015; Rodríguez-Fernández et al., 2021; Scilingo et al.,
2022; Ishmael et al., 2019; Bock, 2008). This section describes some of
these devices, which Table 1 also sums up by giving details related to their
purpose, user requisites, and exoskeleton weight. As Table 1 shows, the avai-
lable devices can assist in gait rehabilitation, in walking recovery for patients
with neuromuscular impairments and paraplegia, be used by amputees, and
improve the quality of life of healthy elderly. In general, the structure of
the exoskeletons can adapt to the anthropometry of most of the population.
However, the maximum allowed weight can be a limiting factor for the obese
population. Concerning the device weight, the exoskeletons are still heavy
and bulky devices due to their rigid structures, actuators, and batteries.

Lower limb assistive exoskeletons assists the user by controlling the joint’s
movement during the training sessions. Some examples are H2 Exoskeleton
and LOPES, used in gait rehabilitation, and ReWalk and EksoNR, which
assist people with paraplegia in performing movements such as standing and
walking.

H2 Exoskeleton is a lower limb exoskeleton designed for the recovery of
stroke patients. It is lightweight and battery-powered and has six electric
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Table 1. Overview of currently available lower extremity assistive exoskeletons.

Name Application User height Max. user weight Weight

H2 Exoskeleton Rehabilitation 150–195 cm 100 kg 12 kg
LOPES Rehabilitation <185 cm 90 kg -
ReWalk Locomotion 160–190 cm 100 kg 23.3 kg
EksoNR Locomotion 150–188 cm 100 kg 23 kg
Utah Lightweight Hip Amputees - - 2.45 kg
C-Leg Amputees - 136 kg 1.2 kg
AXO-SUIT Elderly care - - 25 kg

actuated joints (including hip, knee, and ankle). The device has an assistive
gait control algorithm to create a force field along a desired trajectory, which
only applies torque when patients deviate from the prescribed movement
pattern. The impedance controller uses the concept of assistance as needed;
it only assists the patient when they cannot complete the gait movements
(Bortole et al., 2015). LOPES is designed for use in training on a treadmill
and aims to make the rehabilitation process more effective for patients and
less demanding for therapists. The device combines a freely translatable and
2D-actuated pelvis segment, containing two DOF for the horizontal pelvis
translation, with a leg exoskeleton containing three actuated rotational joints,
two at the hip and one at the knee. The joints are impedance controlled to
allow bidirectional mechanical interaction between the device and the user
(Veneman et al., 2007). These two devices differ as the H2 Exoskeleton is an
overground exoskeleton that helps the patients regain overground gait, and
LOPES is a treadmill-based exoskeleton, which promotes gait training sessi-
ons on a treadmill. Treadmill-based exoskeleton sometimes requires manual
assistance by therapists, which can lead to poor coordination and synchro-
nization of movements in both legs, and fatigue of the therapist can limit the
efficacy of the therapy (Bortole et al., 2015).

Concerning the exoskeletons to assist patients who have an impairment of
motor or sensory function of the lower limbs, ReWalk is an excellent exam-
ple for upright walking. ReWalk was developed in 2006 by Argo Medical
Technologies Ltd and received FDA approval in 2014 for use both in a cli-
nical setting and in the home or community environment. It was the first
exoskeleton to receive FDA approval for individuals with spinal cord injuries
(SCI) of T4 to L5. The device enables individuals with SCI to stand upright,
walk, turn, climb, and descend stairs by using rechargeable batteries to drive
the hip and knee joint motors. It uses a tilt sensor to compute the trunk angle
and a wristwatch-style controller to activate different motion modes (ReWalk
Robotics, n.d.). Another example is EksoNR received FDA approval in 2020,
becoming the first to have FDA clearance for rehabilitation use for acquired
brain injury patients. EksoNR is a powered hip-knee medical rehabilitation
exoskeleton that gives trajectory assistance and the necessary support to the
spine, trunk, and legs (including hip, knee, and ankle joints), allowing users
to regain their full functional mobility. This exoskeleton has six DOF in total
(i.e., tree DOF per leg). The hip and knee joints are active and can assist in



60 Santos et al.

the sagittal plane, and ankle joints are passive. The clinician can vary the
power provided to each leg, depending on the walking ability of the user, and
control when the Ekso stands, sits, and takes a step via a control pad (Ekso
Bionics, 2021).

It is also crucial to highlight the use of lower limb exoskeletons for ampu-
tees in the rehabilitation field. In this case, the exoskeletons aim to support the
person by providing the missing limb, and they should have an active actua-
tion method and a control system to assist the movements. Therefore, these
powered devices overcame a limitation of conventional lower-limb prosthe-
ses, which cannot imitate leg movements to actively propel ambulation, so it
is common for amputees to resort to compensation strategies, which can lead
to unnatural gait patterns that overload the residual limb articulations (Nolan
& Lees, 2000). One example of exoskeletons used for amputees is Utah Ligh-
tweight Hip Exoskeleton, which is a device used in above-knee amputees
and has the advantage to be lighter than the other available powered devices
without reducing the performance (Ishmael et al., 2019; Baimyshev et al.,
2018; Lenzi et al., 2018). Another example is C-Leg, which is used chiefly
with trans-femoral amputees. Ottobock is the developer of C-Leg, which is a
world leader in amputee’s robotic prostheses and orthoses (Bock, 2008; Segal
et al., 2006).

Utah Lightweight Hip Exoskeleton is a lightweight powered unilateral
hip exoskeleton that can easily interface with the user’s residual limb at
the socket level using a flexible, 3D printed interface. This device provides
assistive torque to the user’s residual limb in flexion and extension dire-
ction while allowing for passive abduction and adduction. By assisting the
movements of the residual joints, its mass has a lower negative impact on
the metabolic expenditure than a powered prosthesis. The exoskeleton can
synchronize with the user’s gait by combining information on the hip posi-
tion and leg acceleration from the onboard sensors, providing the desired
assistance profile in the phase with walking. The experimental results suggest
that the device can decrease walking effort compared to walking without the
exoskeleton (Ishmael et al., 2019).

Ottobock designed the C-Leg. The presentation of the next generation of
the C-Leg was in 2011, but this device has existed since 1997, being the first
prosthesis system to control and adapt to an individual’s gait intelligently. It
is a microprocessor-controlled hydraulic prosthetic knee based on strain gau-
ges in the tube adapter and knee angle sensor, which dynamically adapts to
all walking speeds in real-time. The leg prosthesis system has the following
advantages: permanent stance phase control, the ability to weight the pros-
thesis during flexion, dynamic alignment, lower energy expenditure while
walking, and the fact that it allows for natural physiological movements that
help protect the rest of the user’s body (Bock, 2008; Segal et al., 2006).

Additionally, in promoting the quality of life of healthy elderly, the AXO-
SUIT exoskeleton can be beneficial, as it provides flexible physical assistance
as needed. The system consists of lower-body and upper-body modules, and
their combination as full body. The full-body exoskeleton comprises twenty-
seven DOF, of which seventeen are passive and ten active. The device can
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Table 2. Overview of currently available lower extremity exoskeletons for human
strength augmentation.

Category Name Application Load conditions Weight

Military FORTIS K-SRD Strength assistance 18.14 kg 12.24 kg
Dephy ExoBoot Strength assistance - 2.12 kg

Workers Hercule V3 Strength and squatting 100 kg 30 kg
LegX Squatting - 6.2 kg

assist people in walking, standing, carrying, and handling tasks (Bai et al.,
2019).

LOWER LIMB AUGMENTATION EXOSKELETONS

Lower extremity exoskeletons developed for human strength augmentation
can enhance human strength and endurance during locomotion. This section
includes two subtopics: soldiers and industrial workers, each for different
purposes. Lower limb exoskeletons are helpful for military purposes, such as
carrying heavy equipment and walking fast over rough terrain. Additionally,
exoskeletons are helpful for industrial workers to perform physically deman-
ding tasks, seeking the avoidance of long-term physical damages, due to tasks
such as prolonged standing or squatting, and improving work efficiency.

This brief review identified 21 lower limb augmentation exoskeletons (Bär
et al., 2021; Hamza et al., 2020). The subsections below give examples of
lower limb exoskeletons, which Table 2 also sums up by giving details rela-
ted to their purpose, load condition, and exoskeleton weight. As Table 2
shows, the exoskeletons can increase human power due to the support of
the addressed musculoskeletal structures and support users during repeated
or prolonged squatting activities.

For Soldiers

These exoskeletons aim to amplify soldiers’ capabilities to perceive less of
the actual load carried, allowing them to travel long distances with reduced
metabolic costs (Dollar & Herr, 2008). One example in this field is FOR-
TIS K-SRD, tested in an independent study performed by the University of
Michigan HumanNeuromechanics Laboratory, suggesting that the knee exo-
skeleton can reduce the metabolic cost of walking uphill conditions. Another
example is Dephy ExoBoot, the first autonomous robotic ankle exoskeleton
to reduce the energy cost of walking without the exoskeleton.

FORTIS K-SRD is a computer-controlled exoskeleton that counteracts
overstress on the lower back and legs, increasing mobility and load-carrying
capability. It boosts leg capacity for physically demanding tasks that require
repetitive or continuous kneeling/squatting, lifting, dragging, carrying, or
climbing with heavy loads (Lockheed Martin, 2017). Dephy ExoBoot gives
the user assistance at the ankle joint while performing challenging physical
tasks, such as walking while carrying a heavy load. The device has a brushless
DCmotor mounted on a rigid shank that assists the user by generating torque
through a belt-drive transmission, which applies force on a boot-mounted
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structure. The exoskeleton uses a combination of mechanical sensors, models
of human behavior, and machine learning to determine how and when to
assist the user (Mooney et al., 2014).

For Industrial Workers

Workers in industrial environments often perform physically demanding
tasks, leading to stress and adverse effects on their health. The tasks can
include lifting heavy parts for fitting on an assembly line or handling heavy
equipment in pick and place operations. The use of exoskeleton in indu-
strial environments can improve workplace ergonomics, reduce the risks of
work accidents, reduce users’ acute physical stress and strain and increase the
operator’s efficiency (Bär et al., 2021).

One example of industrial exoskeletons is the Hercule V3, an active sup-
port exoskeleton that can help users during walking, squatting, and lifting
heavy objects. The device has two sets of electricity-powered servo actua-
tors placed on the knee and hip joints, which help reduce the waist’s burden
when the upper limbs lift heavy objects. The exoskeleton has two mechanical
legs and can support loads up to 40 kg (Yan et al., 2021). Another example
is legX, developed by SuitX, to support the user’s knees during repeatedly
or prolonged squatting activities. The legX provides two modes: a (dyna-
mic) spring assistance mode and a locked mode. In the spring assist mode,
the exoskeleton stores energy during knee flexion to cradle the person while
lowering to a squatted position and releases that energy during knee exten-
sion to augment the muscles while rising to a standing position. The legX
exoskeleton also has two different levels of support in the spring assist mode,
which provide different amounts of supporting force to the user. The level
of spring assistance can be adjusted to accommodate preference or the wor-
ker’s weight. During the locked mode, the user is seated at a predetermined
angle, and the exoskeleton supports the upper body weight. In spring assist
and locking modes, the supportive force is applied along the buttocks and
shins of the users and transferred to the ground. The locking mode is benefi-
cial for static tasks, while the spring assistance mode is beneficial for dynamic
tasks where the working height varies. This device significantly reduces rectus
femoris activity during squatted static (floor) and dynamic (panel) work and
may reduce pain and discomfort associated with squatting and potentially
reduce the risk of developing knee disorders (LegX | Suitx, n.d.; Pillai et al.,
2020).

CONCLUSION

This article has presented a brief review of lower-limb wearable exoskeletons
by giving some application examples.

Lower limb exoskeletons have a positive effect in a wide field of applica-
tion, from assistive devices in the rehabilitation field to power augmentation
for industrial and military work. For instance, using these devices can have an
essential role in therapy assistance, gait rehabilitation (especially among SCI
and stroke patients), and elderly care, for example, by releasing the burden
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of therapists, increasing independence, allowing the opportunity of indepen-
dent home training, and providing effective and repetitive gait training by
giving sensor-based motion feedback. Nevertheless, some of these devices are
still heavy and bulky, requiring supervision (usually from clinical staff) and
walking aids, which hinders mobility and independence. Additionally, joint
misalignment is also an issue in current exoskeletons, which may increase
metabolic cost and discomfort of the wearer, reduce the power-assisted effect,
and it could lead to skin abrasions and increase risk of fracture (Ishmael et al.,
2019; Rodríguez-Fernández et al., 2021; Scilingo et al., 2022). In addition, it
is also promising in the industry or military work to amplify soldiers’ capabi-
lities to perceive less of the actual load carried and assist workers with heavy
load tasks, or prolonged standing/squatting tasks, by reducing physical fati-
gue and muscle activity, and loading. However, lower limb exoskeletons can
bring additional risks, such as load shifting and redistribution of a wearer’s
center of gravity (Luger et al., 2019; Wang et al., 2020; Zhu et al., 2018).

Therefore, even though the application of lower limb exoskeletons in these
fields can bring many advantages, it is essential to highlight the critical impor-
tance of dynamic and static balance, prevention of falling, ensuring controller
stability and smooth human-exoskeleton interaction in the development of
these devices, in order to guarantee the safety of users.

In the future, the fact that the use of exoskeletons has already had a positive
impact on different fields and the potential for the use of these devices is broa-
dening can significantly increase exoskeletons research to develop lightweight
and ease-to-use devices.
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