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Abstract. Human rehabilitation improved significantly after traumas, surgery, or accidental
cross-link events with human health. During the last six decades, exoskeletons have played a
significant role in human activities related to body training and post-trauma or surgery treatment,
especially in gait rehabilitation. The main goal of rehabilitation training is to restore patients’
physical abilities to average by improving and monitoring their posture and gaining weight. In this
paper, a classification of various types of exoskeletons is provided, a comparison between the
different lower limb exoskeletons for gait rehabilitation presents, the gait anatomy, mechanical
design, and control strategy for the prototype of lower limb exoskeleton studies, and the end, some
concluding remarks are stated that may be useful for future work. The paper concludes with
conclusions and a significant reference list.
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1. Introduction

Robots are ubiquitous devices widely used in industries ranging from manufacturing to
construction to medical facilities. Extensive research on robots is being conducted in higher
education and scientific research institutes. They are exploring new applications for robots and
robotic systems and how they can improve society and help people. Robots in medicine are leading
to significant advances, and robots help patients with load augmentation, trauma patients,
paraplegics, and spinal cord-injured people for rehabilitation purposes [1]. The global market for
medical robotics is anticipated to grow significantly, with projections estimating its value to reach
around $12.7 billion by 2025. This growth represents a significant advancement in integrating
robotics within the healthcare sector, enhancing surgical precision, streamlining hospital
workflows, and improving patient outcomes through innovative technological solutions. In 2020,
hospital robot adoption accounted for the largest market share, and the integration of robotics
within the healthcare sector continues to grow at an impressive rate [2].

Various medical robots are thoughtfully developed to carry out specific functions [3]. Modular
robots, also known as exoskeleton robots, are essential in the rehabilitation of individuals
recovering from conditions such as stroke, paralysis, traumatic brain injury, and multiple sclerosis.
These advanced devices support and enhance physical movement, making them invaluable during
therapy sessions. Exoskeleton robots significantly improve the rehabilitation experience while
promoting user motivation and independence in daily activities by increasing the range of motion
and facilitating strength-building exercises. These advanced technologies support recovery by
enhancing mobility and promoting independence for individuals with these conditions.
Rehabilitation is restoring patients’ physical abilities to the average level by studying their posture
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and gait. The World Health Organization states that 1 billion people worldwide have disabilities,
with 110 to 190 million experiencing significant functional challenges. Many disabled people need
rehabilitation [4]. According to the Rehabilitation Association of Uzbekistan, each year,
approximately 45000 people require gait rehabilitation, compared to 795000 people in the USA
[5]. Only 60 % can exercise leg muscles, and 40 % need clinical care using the gait rehabilitation
exoskeletons. These statistics suggest that exoskeletons for individual patients and rehabilitation
centres are essential.

This paper thoroughly examines the different classifications of exoskeletons, emphasising
their design and functionality. Additionally, it explores a variety of lower limb exoskeletons
specifically developed for gait rehabilitation, highlighting their roles in improving mobility and
recovery for individuals with walking impairments. It studies gait anatomy, mechanical design,
and control strategies and concludes with future research directions focused on the mechanical
design of exoskeletons, including actuators, sensors, and control strategies.

The paper is structured as follows: the section on Methodology describes the
literature-searching methodology; the section on classification presents types of exoskeletons,
mainly categorised based on the lower body for gait rehabilitation. The subsequent sections will
examine the introduction of lower limb exoskeletons, analyse studies pertaining to gait anatomy,
outline the mechanical design, and explore the control strategies utilised for the prototype of lower
limb exoskeletons. In conclusion, remarks related to actuators, sensors, and the control strategy of
exoskeletons will be presented for future research.

2. Research and selecting methodology

We comprehensively reviewed research papers on lower-limb exoskeletons, sourcing
materials from PubMed, MDPI, IEEE Xplore, ScienceDirect, SpringerLink, and Scopus. Our
selection included articles published since January 2010. About 1236 articles were selected by
using keywords: “medical robotics” and “exoskeletons”. All articles contained in our review are
in English. After skimming the title and abstract, we classified the collected papers according to
the adopted exoskeletons for gait rehabilitation and lower limb exoskeletons. We evaluated
various lower limb fixed exoskeletons designed for gait rehabilitation, focusing on their types,
designs, control strategies, and distinguishing features. We are pleased to present a prototype of a
fixed lower limb exoskeleton meticulously designed to assist individuals in the process of gait
rehabilitation. This innovative device holds the potential to significantly improve mobility and
provide critical support for patients as they work towards regaining their walking abilities. This
exoskeleton is intended to facilitate an effective recovery process and enhance overall movement
efficiency through targeted therapeutic interventions and real-time feedback.

3. Classification of exoskeletons for rehabilitation

The development of medicine and the ageing of diseases are directly causing the diversification
of medical devices [6]. From this point of view, we carried out scientific studies on various
medical exoskeletons for different purposes. This aims to differentiate and target specific
categories of exoskeletons for further research.

Currently, more than 200 exoskeletons [7] are classified according to the purpose of use, the
principle of operation, and other factors. Based on the area, exoskeletons can be divided into
medical, industrial, military, and consumer [8]. Industrial and military exoskeletons enhance the
ability to carry heavy loads with minimal effort by boosting speed, strength, and endurance.
Consumer exoskeletons help humans to level up workouts. Medical exoskeletons mainly consist
of rehabilitative and assistive exoskeletons, which provide directed movement and reduce the
burden on the user (rehabilitation) or relieve labour intensity by physically supporting activities
of daily living (assistance). The development of exoskeletons in the military and medical fields is
very high, but their practical implementation and commercialisation have not yet been fully
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formed.

Medical exoskeletons designed for rehabilitation serve specific purposes and can be
categorised into three main types. First, body weight support exoskeletons help reduce the strain
on patients by providing necessary support, allowing them to engage in rehabilitation activities
with greater ease. Second, gait-assisted exoskeletons are engineered to aid individuals in walking
by offering assistance with limb movement and stability, facilitating a more natural gait. Lastly,
intelligently powered exoskeletons incorporate advanced technology to adapt to the user’s
movements and needs, providing personalised support for rehabilitation and enhancing functional
mobility. Each type contributes uniquely to the overall process of patient recovery and mobility
enhancement, playing a vital role in helping individuals regain their strength and independence
during the healing journey [9].
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and capabilities
Fig. 1. Three types of medical exoskeletons

Body Weight Support (BWS) Exoskeletons (Fig. 1(a)) restore patient mobility while reducing
human body weight. BWS delivers advanced power-assisted support designed specifically for
individuals with limited motor functions. This service aims to enhance mobility and improve the
overall quality of life for patients. It is fixed and stationary. Gait-assisted exoskeletons (see
Fig. 1(b)) help patients achieve voluntary movement and support intentional movement exercises.
This type of exoskeleton can be both mobile and fixed. Intelligent power exoskeletons (Fig. 1(c))
use advanced technologies like AL IoT, VR, and AR to enable intelligent and flexible adjustments,
enhancing patient-exoskeleton interactions and personalising rehabilitation treatments. Intelligent
powered exoskeletons are entirely mobile and soft. Such exoskeletons are relative, and it is also
possible to apply modern technologies to exoskeletons of a modified form or to combine all kinds
of exoskeletons. Therefore, the effectiveness and scope of the application of exoskeletons will be
expanded, and productivity will increase.

On the other hand, rehabilitation exoskeletons can be divided into two main categories: partial
body movement or independent walking after rehabilitation [10]. The partial-body exoskeletons
were designed to enhance locomotion by providing additional torque and power to users. The
independent walking exoskeletons are more advanced, portable, commercial devices like Rewalk
and Ekso [10]. That classification is more specific, but rehabilitation exoskeletons are divided into
three types based on the mechanical design and body parts: ground exoskeletons, end-effector
tools, and wearable exoskeletons [11-13]. Ground exoskeletons and the treadmill should be fixed.
Medical exoskeletons for ground (fixed frame) should be assistive and rehabilitative. Each model
has at least two actuated joints: the hip and knee, or sometimes just one, with the ankle controlled.
Fixed exoskeletons for gait rehabilitation are bilateral devices, and their primary involvement
requires upper limb aids to maintain balance. In addition to the devices, they provide leg
movement and body weight support (BWS) and ensure safety. The end-effector concept outlines
the positioning of the patient's foot on the footboards, facilitating the turning steps involved in the
gait retraining process. This includes programmed motors or passive components that control the
movement of the knees and hips during walking. Wearable exoskeletons [14-16] are rapidly
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growing as a breakthrough gait retraining technology due to their ability to encourage active client
participation in exercise and be used as assistive devices for the public. Following the current
trend towards robotic devices, research into wearing exoskeletons has increased over the past
10 years.

The primary forms of rehabilitation exoskeleton used are for patients with limited lower limb
mobility, and the wearable form is now widely developed. Scientific research on the ground form
is somewhat limited due to the lack of public demand and the clinical nature of the requirements.

Exoskeletons for rehabilitation can be classified into three categories based on their use of
power: passive exoskeletons, quasi-passive exoskeletons, and powered exoskeletons, which are
considered active forms [17-18]. Passive exoskeletons convert part of human energy into
mechanical energy, heat energy, friction energy, and vibration energy by controlling the joint
movement of the human body using people’s metabolic energy [19] and elastic energy storage
mechanisms. According to the energy conservation law, some energy that should be used is
recycled into the system. This process reduces the metabolic energy within the system, which
helps promote movement in the human body and improves energy utilisation. A passive element
and support generate a moment when a small actuator is connected or disconnected by quasi-
passive exoskeletons, forming a quasi-passive device. The device is referred to as a Clutch Elastic
Actuator (CEA). Users can achieve seamless mobility in unassisted tasks with passive assistance,
enabling exoskeletons to engage or disengage as needed. Powered exoskeletons serve as energy
sources that feed electric, pneumatic, hydraulic, and other forms of energy into the human energy
system. According to the energy conservation law, additional energy supplied to the body reduces
the initial metabolic energy needed, decreasing overall energy consumption.

Fig. 2 presents the types of exoskeletons divided for rehabilitation based on functionality,
elements, power source, and body parts.

Functional classification of exoskeletons here is an attempt to define the type of device suitable
for a particular application.

| Exoskeleton robots |

| Medical | | Industrial | | Military | | Consumer |

| Exoskeleton robots for rehabilitation |

| Ground, stationary | | End-effector | | Wearable, Mobile |

| Rigid |

/M

| Passive Quasi-passive Active |

W\

| Full body Upper limb Lower limb Specific joint |

Fig. 2. Class1ﬁcat10n of exoskeleton robots
4. Applications of lower limb exoskeletons in gait rehabilitation

Exoskeletons are categorised into four types (Fig. 3) according to the body parts they have
been designed: exoskeletons for the entire body, upper body, lower body, and specific segments
[17, 20-21]. Full-body exoskeletons are advanced devices specifically engineered to offer
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extensive support for the entire body. These innovative systems enhance mobility by allowing
individuals to move more freely and easily. By distributing weight and reducing strain on muscles
and joints, full-body exoskeletons significantly improve functionality, making everyday tasks
more accessible for those with mobility challenges. In general, they will have about 50 DOFs.
Such devices are more complex and primarily mobile.

a) Lokomat exoskeleton [3, 5] b) ReoAmbulator exoskeleton [7] ¢) Walkbot exoskeleton [7]
Fig. 3. Lower limb exoskeletons intended for gait rehabilitation may incur significantly higher expenses

The lower limb fixed exoskeleton for gait rehabilitation is an essential category of
rehabilitation robots designed to assist individuals in restoring walking functions. This device is
anchored to the body, ensuring stability and support while facilitating controlled movements of
the lower body joints, such as the hips, knees, and ankles. During rehabilitation sessions, the
exoskeleton actively guides the user’s movements, retraining gait patterns and muscle activity. By
providing this targeted support, the exoskeleton helps individuals strengthen their lower limbs,
improve balance, and regain confidence in their mobility, ultimately enhancing their overall
rehabilitation experience. Research and technological work on lower limb fixed exoskeletons
began in the 1960s [22]. In 1970, the first active exoskeleton for the lower body was developed,
featuring three degrees of freedom per leg [23]. It was named Belgrade Exoskeleton [24] for gait
assistance. It was designed to assist individuals with neurological conditions, such as those
resulting from stroke or spinal cord injury (SCI) [25]. Research activity on exoskeletons increased
in 2017, and exoskeletons became popularised in the health market after regulatory approval [26].
In the last 14 years, scientists have presented various designs of exoskeletons in this area. A
renewed prototype and interest in these old designs are now leading to a cutting-edge scientific
and technological aspect attracting research teams.

The lower limb rehabilitation exoskeleton consists of a one-to-one connection between the
exoskeleton robot and human joints, and a preprogrammed trajectory guide supports every single
joint. Lower limb exoskeletons equipped with fixed frames are specifically designed to provide
assistance and rehabilitation for users. These sophisticated devices enhance mobility by
facilitating movement while promoting recovery and strength development in the lower limbs.
They typically have at least two actuated joints, the hip and [knee, while the ankle is usually
controlled. Fixed exoskeletons for gait rehabilitation are bilateral devices, and the central
involvement requires upper limb aids to maintain balance [27]. In addition to the devices, they
provide leg movement and body weight support (BWS) and ensure safety [28].

The lower limb fixed exoskeleton for gait rehabilitation is designed to assist patients in
simulating standard walking patterns while effectively strengthening their leg muscles. This
innovative device incorporates mechanisms that replicate human footsteps, facilitate precise
posture control, and provide a supportive body weight system, enhancing users' rehabilitation
experience [29].

In the given examples (Table 1), five exoskeletons that compose the group named “lower body
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fixed rehabilitation” are fully explained based on the following features [4, 31]: the applied
segment (lower body area: hip, knee, ankle), the number of DOF, the type of actuators (electric,
hydraulic, and pneumatic), the powered system (active, passive, quasi-passive), the types of
sensors (physical, bio-signal, environmental), control system (position, force, impendence, EMG
based, adaptive control).

Table 1. Commercial lower limb fixed exoskeletons

Exoskeletons Company, Body area| DOF Control | Powered Actuators Sensors
country system system
Lokomat {3, 5, 6, Hokoma AG, Hip-Knee| 2 Impedance Active | DC motor P}ll)}i,zlsciaLZ?d
9, 28, 29- 32, 38] Switzerland p control v &
sensors
. Physical and
ReoAmbulator . . Adaptive . . L
(3,29, 33, 34, 35] Motorika, USA |Hip-Knee| 2 conirol Active Electric biosignal
sensors
Walkbot P&S Hip-knee- . . AC-DC Physical
Mechatronics, 3 Adaptive Active Servo signal
[6, 13, 30, 36-39] ankle
South Korea motors sensors
MRG-P110 HIWIN quotlc Hip-knee- Impedance . . Physwal
Gait Training 2 Active Electric signal
[40, 41] . ankle control
System, Taiwan sensors
Center Hip-knee- Force
Gait simulator Rehabilitation, P 2 Passive No No
Russia ankle control

4.1. Lokomat

The Lokomat, developed by Hocoma AG in Switzerland, is a bilateral gait rehabilitation robot
with a body weight support (BWS) system. The patient's legs are moved in the sagittal plane using
DC motors connected to ball screws. The hip and knee joints of the Lokomat are powered by
engines with linear ball screws [28]. In contrast to the Lokomat, the latest generation of
exoskeletons is designed to focus on low mechanical impedance. The Lokomat is equipped with
cutting-edge active actuators located at the hip and knee joints, which work in concert to guide a
patient’s limbs expertly. These sophisticated devices enable the Lokomat to ensure precise
movement in the sagittal plane, meticulously following a predetermined trajectory designed for
effective rehabilitation. This technology allows patients to experience tailored guidance that
promotes proper gait patterns and enhances their recovery journey. Furthermore, the Lokomat
features an impedance controller that modifies the “guidance level”, which defines the permissible
degree of deviation from the intended limb movement pattern. This integration guarantees optimal
support and rehabilitation for patients [9].

Woodway has developed KineAssist and Lokohelp in the U.S., while Maibu Robotics in China
has created the MoonWalker. These innovative exoskeleton robots are engineered to lighten users'
load while improving their running efficiency significantly. By utilising advanced materials and
technology, these devices support the wearer’s movements, allowing for more incredible speed,
less fatigue, and enhanced performance during physical activities. The MoonWalker includes
customisable movement modules, adjustable intensity levels, visual control options, and real-time
feedback to improve user experience and adaptability [9].

The updated version of Lokomat features an optional FreeD module that enhances therapy by
enabling pelvic lateral translation and transverse rotation [28].

The Lokomat is the first gait orthosis designed to assist individuals with walking difficulties
using a treadmill. It coordinates the movement of the hip and knee joints, and for the ankle joint,
it employs an ankle-foot orthosis equipped with a plantar flexion stop spring [30].

The Lokomat’s trajectories can be customised to suit individual patients and their specific step
lengths [28]. It is one of the more well-researched stationary robotic systems developed to support

73

ROBOTIC SYSTEMS AND APPLICATIONS. DECEMBER 2024, VOLUME 4, ISSUE 2



A RECENT LOWER LIMB EXOSKELETON ROBOT FOR GAIT REHABILITATION: A REVIEW.
JAVLONBEK RAKHMATILLAEV, VYTAUTAS BUCINSKAS, ZAFAR JURAEV, NODIRBEK KIMSANBOEV, UMIDJON TAKABAEV

and automate treadmill training [31].
4.2. ReoAmbulator

ReoAmbulator, developed by Motorika Ltd. and marketed in the USA as the
“AutoAmbulator”, is a robotic system that supports body weight during treadmill use [3]. Robotic
arms are strapped to the patient’s legs at the thigh and ankle, driving them through a stepping
pattern. A single-masked, randomised clinical trial is underway to assess the effectiveness of
ReoAmbulator in stroke patients. ReoAmbulator was developed in collaboration with the
HealthSouth network of rehabilitation hospitals [29].

The ReoAmbulator robotic system, also referred to as “AutoAmbulator”, is an example of a
treadmill gait trainer designed for lower-limb rehabilitation therapy, as illustrated in Fig. 2(b). The
ReoAmbulator system is widely used in research centres and medical hospitals for rehabilitation
therapies and educational studies on motor function recovery. Central to this system is a powered
leg orthosis with advanced robotic arms that help patients engage in gait motion while providing
additional walking force, enhancing rehabilitation. The robotic arms are attached to the thigh and
ankle, allowing for a controlled stepping pattern tailored to each patient’s needs. This technology
not only aids physical movement but also promotes neurological adaptation for better locomotion.
Studies show that robot-assisted gait training can significantly improve balance and gait,
comparable to traditional manual therapies. The ReoAmbulator stands out among commercial
rehabilitation orthoses due to its significant development and the introduction of various
prototypes that enhance its effectiveness in diverse rehabilitation settings [33].

Multiple sensors continuously monitor and adjust power and speed according to the patient’s
needs. An interactive display with various modes boosts motivation and adds variety to training
exercises. The ReoAmbulator’s sensors can assess mobility before and after training, allowing
Motorika to customise experiences and track progress. The exoskeleton is connected to a virtual
reality simulator featuring diverse terrains and games to enhance engagement. It also provides
verbal and audio feedback. One mode displays an ideal step pattern for the user to replicate, with
adjustments possible on the spot. A side panel enables a professional to control the system directly.
The ReoAmbulator is a specialised device intended for individuals engaged in gait rehabilitation.
Its primary objective is to enhance various aspects of locomotion, including gait patterns, balance,
weight-bearing, coordination, speed, and endurance during walking activities. This innovative tool
supports rehabilitation by providing targeted assistance and promoting functional improvement
[34]. This system operates in a tethered manner akin to the Lokomat [35].

4.3. Walkbot

The Walkbot is an advanced fixed-frame exoskeleton designed explicitly for gait
rehabilitation. It is offered in three distinct models to accommodate varying needs: Walkbot S
(standard model), Walkbot K (pediatric model), and Walkbot G (next-generation model) [36].
The Walkbot series of gait rehabilitation exoskeletons is an innovative advancement by the South
Korean company P&S Mechatronics. Notably, two of the three models are designed for pediatric
use through their inherent design or by incorporating additional modules. The Walkbot stands out
from other fixed-frame gait rehabilitation exoskeletons due to its powered hip-knee-ankle design,
which enhances its functionality. It is an effective evaluation device and features the Walkbot G
model, equipped with an integrated pressure plate to monitor each step in real-time. Furthermore,
the device’s full integration with virtual reality provides an engaging platform for interactive
training, demonstrating its commitment to improving rehabilitation outcomes.

The Walkbot system is an innovative gait orthosis designed to precisely coordinate hip, knee,
and ankle movements through advanced natural gait training techniques. It addresses foot drop
and toe drag by controlling ankle dorsiflexion and plantar flexion [30].

The device is equipped with a suspension harness designed to provide body weight support
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(BWS), a motorised treadmill, and an actuator-controlled exoskeleton (Fig. 3(c)). The treadmill’s
speed and torque can be adjusted to provide both assistance and resistance, allowing for
customisation according to the patient’s level of locomotor performance as training progresses
[37].

4.4. MRG-P110

The “HIWIN” Robotic Gait Training System, specifically the model MRG-P110, is an
advanced, fixed-frame medical robot tailored for gait rehabilitation. Unlike traditional
rehabilitation methods, this innovative device remains stationary, allowing patients to benefit from
its support while their legs are gently guided through a walking motion. This unique approach
enables the rest of the patient’s body to remain stable, minimising unnecessary movement.

The MRG-P110 facilitates rehabilitation by assisting users in effectively retraining their
walking gait cycle. It operates like a sophisticated powered leg exoskeleton firmly anchored to the
ground. As the patient “walks” across specially designed actuated plates, the exoskeleton provides
the necessary power and guidance to promote proper leg movement.

Moreover, this state-of-the-art device is fully integrated with virtual reality technology,
creating an interactive and engaging training environment. This integration enhances user
motivation and provides valuable feedback to optimise the rehabilitation experience, helping
individuals regain mobility and confidence in walking [40].

a) MRG-P110 [7] b) Gait simulator
Fig. 4. Lower limb exoskeletons are designed for gait rehabilitation at a more accessible cost

4.5. Gait simulator

The Gait Simulator is an innovative rehabilitation device specifically crafted to restore and
enhance motor skills in the lower extremities, primarily in Russia’s medical care context. This
advanced simulator plays a crucial role in the recovery process for patients who have experienced
conditions affecting the brain and spinal cord.

The use of this specialised medical simulator is particularly beneficial for individuals dealing
with various challenges, including paresis (weakness), paralysis (loss of movement), and muscle
contractures (shortening of muscles). It is also indicated for patients suffering from the lasting
effects of cerebral palsy, various neurological disorders, and any conditions that lead to
compromised mobility or heightened spasticity in the legs.

The unique design of the Gait Simulator allows patients to initiate motion through their arms.
Users can synchronise the movement of all simulator components by moving their arms (or even
just one arm), leading to the involuntary movement of their otherwise stationary lower limbs. For
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patients who have sustained injuries to the cervical and upper thoracic regions of the spinal cord,
additional supportive apparatus is available to ensure safety during rehabilitation.

In these cases, patients are carefully positioned upright, and this support enables them to
participate in a comprehensive range of rehabilitation exercises, all aimed at fostering strength,
coordination, and improved mobility in their lower extremities. The Gait Simulator thus offers a
holistic approach to rehabilitation, empowering patients on their journey to recovery.

In the given examples (Table 1), five exoskeletons that compose the “lower body fixed
rehabilitation” group are fully explained based on their features; only one is passive and is under
our subsequent research.

5. Prospective initiatives in research and development activities

Our long-term outcome is that a modernised prototype of the gait simulator will become a
lower-cost and smarter gait rehabilitation exoskeleton that stroke patients can use at their home
setting and clinical centre. An exoskeleton intended for gait rehabilitation is a sophisticated
wearable robotic device that aids in the recovery and enhancement of walking abilities. It is
modernised based on artificial intelligence and mechanical power plants, which include modern
control technology, computer technology, sensor technology, and intelligent robot technology
[42]. In the past few years, exoskeleton developers have tried to develop its performance,
wearability, and portability [43]. We will integrate state-of-the-art technology mechanics, sensor
technology, control systems, and artificial intelligence into developing our Gait Simulator
prototype. This comprehensive approach aims to enhance the simulator’s functionality and
performance.

The new prototype of the Gait Simulator will be researched and developed based on the
following aspects.

5.1. Gait anatomy for the prototype

The lower limb gait system primarily comprises a network of bones and joints, as illustrated
in Fig. 5. There are seven types of bones, nearly 300 muscles, and three joints: hip (provided 3
DOFs), knee (provided 1 DOF), and ankle (provided 3 DOFs) [44-46]. Lower body movements
are categorised into three primary groups: flexion and extension, adduction and abduction, and
internal and external rotation. This classification provides a clear framework for understanding
the functional mechanics of lower body dynamics [4], [47-48].

Pelvic
Femur u Hip joint
ortit  Ch
Patella Knee joint
-~ N -
ibia
o S
Fibule [ |
P Q) Ankle joint
r LS
Fig. 5. The joints and bones of the lower body Fig. 6. The sagittal plane of the lower body

Lower body exoskeletons can be targeted at single-joint or multi-joint levels. While the single
joint may be applied to one specific joint, the multi-joint may involve a combination of lower
joints [49].
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To make the gait rehabilitation exoskeleton have similar movement functions to the lower
body, some researchers sometimes select the 15 DOFs, but this kind of design makes the system
more complex [50]. Our research focused on this situation in the sagittal plane based on Table 2
as follows as a multi-joint:

1) Hip joint connected to pelvic and femur bone, allowing flexion/extension rotation [51].

2) The knee joint contains the patellofemoral joints, and its movements support the
flexion/extension during walking [51].

3) The movements of the ankle joint primarily occur in the talocrural joint, allowing for plantar
flexion and dorsiflexion [28], [51-52].

The gait patterns observed in patients exhibit a high degree of complexity arising from their
compromised motor functions. However, we can characterise the gait process via step length,
width, and speed parameters. Our studies focused on the effects of various parameters on joint
angles and their relationship with gait parameters. Reference [48] offers an in-depth exploration
of the essential movements involved in human walking gait, providing a detailed examination of
each phase and the intricacies of how they contribute to efficient locomotion. This analysis
highlights the dynamic interplay of various muscle groups and joint mechanics that facilitate
smooth and coordinated walking patterns. The range of motion has a significant role in
exoskeletons. In [4], the range of motion is discussed and represented in the table of human lower
extremity ranges, including the joints, movements, and values of rotate angels, compared between
the sources: American Agency of Orthopedic Surgeons (1965), American Medical Association.

Table 2. DOFs, bones, and joint movements of the lower body in the sagittal plane

Joints | Bones |DOF Joint Movement activities Examples
movements
. . Honda Walking,
.I:)Iilgt Femur | 1 elj(l; );1;)12;1 Assist, HiBSO,
. W PH-EXOS, Exosuit
A
Knee | Tibia, Flexion- e Knee Exo/Carnegle
.. 1 . Vil Mellon University,
joint | patella extension ) EXO
P |
Dorsiflexion- e MIT ankle
Ankle Fibula 1 lantar N exoskeleton, BIT
joint plan Il % | Ankle, Knee soft
flexion = .
exosuit

5.2. Mechanical design for the prototype

Mechanical design plays a vital role in the functionality of lower limb rehabilitation
exoskeletons, as it ensures the efficient transmission of force and energy through its integration
with the human lower body. The anthropometric dimensions are also a significant part of the
design concept [53-54]. These objectives can be accomplished by carefully designing suitable
robotic mechanisms and actuation systems. [28]. In the design process, we must consider motion
trajectory design, the comfort of human-machine interaction, and the effectiveness of
rehabilitation activities [55-56].

Fig. 7 shows the renewed prototype of exoskeletons, according to the anatomy structure of the
lower body explained in Section 5.1. Electric motors drive the prototype's mechanical design.
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____— Shoulder support
___— Waist support
___ Chest support

" Drive motors of the hip joints

___ The control panel of Exoskeleton
— Drive motors of the knee joints

___ Drive motors of the ankle joints

Fig. 7. Mechanical design of the prototype

The kinematic structure of exoskeletons is the central part of mechanical design and is
distinguished depending on the category of its constituent elements. It has two types [20].

Soft exoskeletons. Soft exoskeletons consist of flexible and lightweight elements that aid
human movement. They are based on passive-assistive control and are wearable, mobile, and
portable [76].

Rigid exoskeletons. The rigid exoskeleton consists of actuators, joints, and kinematic joints
that enable and enhance human movement. In the medical field, two distinct types of exoskeletons
are commonly employed, with specific designs incorporating features from both types for
improved functionality.

5.3. Control structure of the prototype

The design of lower limb exoskeletons involves several essential components that work
together to enhance mobility and support for the user. These components include advanced
sensing systems that detect movements and provide real-time feedback, powerful actuation
mechanisms that generate the necessary forces for movement, and sophisticated control strategies
that ensure seamless coordination and responsiveness between the exoskeleton and the user’s
intentions. Together, these elements create a functional and efficient device capable of improving
mobility and aiding rehabilitation. These elements are detailed in references [46] and [56-57]. The
control strategy is mainly due to the complex interaction between humans and robots and the
human-robot interaction’s cognitive and physical aspects [58].

The control strategy for lower limb exoskeletons encompasses several critical components,
including defined gait patterns, specific training objectives, a standardised evaluation framework
for rehabilitation, and relevant motion data. Exoskeleton control strategies used in gait
rehabilitation can be broadly categorised into two primary types. These categories encompass
various approaches designed to enhance mobility and improve walking patterns for individuals
undergoing therapy: (1) trajectory tracking and (2) assistance as needed. This classification
provides a clear framework for understanding the approaches utilised to enhance gait recovery. In
trajectory tracking, gait pattern activities were preprogrammed, like a normal gait. Gait patterns
include gait time, interjoin coordination, and hip, knee, and ankle angles. The primary purpose of
rehabilitation gait training is to restore the functions of disabled patients to normal levels in the
lower body.

The most prevalent methodologies employed in the control of exoskeletons are force-based
control and position-based control. These approaches are widely recognised for their effectiveness
in enhancing the functionality of exoskeletal systems [59]. The specific control systems for
exoskeletons should be selected individually or combined; however, a combined approach
complicates the evaluation of the system. In the development of rehabilitation, exoskeletons are
usually controlled position-based; in some resources, it is discussed as a “gait trajectory control”
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[60-61]. This control system is based on desired prerecorded exoskeleton positions (e.g., joint
angles).

Position control and trajectory tracking guide the patient's lower limbs by providing feedback
that aligns with fixed reference walking trajectories based on joint angles. It includes an internal
control loop using the error between the reference angle trajectories and the angles measured by
the sensors at each lower limb joint. A positive point of this control strategy is the imposition of a
predefined joint angle trajectory resulting in limited kinematic error, an influential factor in
driving human motor learning [75].

Torque control enhances versatility, robust behaviour, and dependable and safe tasks in the
presence of humans. Therefore, torque control is widely employed in exoskeletons. This control
method uses the error between the reference torques and measured torques by sensors on each
actuator. Since torque control closely interacts with actuators, it delivers a simple way of
controlling energy flow from the exoskeleton to the user, which is helpful in biomechanics
research [75].

Human body

_ Nerve Joint Joint Actual
Desired ! joint angle signal torque + torque joint angle
i ——{ > Brain —— Muscle ——( —— Human body ———

+
* ' Interaction torque

Reference torque V- Control Joint Actual
Assistive + signal torque joint angle
2 Controller — Actuator —— Exoskeleton———
function + Actuator
Reference trajectory . torque
T 4- Exoskeleton system

Fig. 8. The Human-exoskeleton collaboration system

Control system design has been developed in the last decade, but there are still some dissolved
problems related to human-robot integration in control systems [28], [62]. One of the largest is
whether the patient should organically combine with the robot. The solution appears to integrate
the human body and robot properly.

Moreover, the torque control method is critical in implementing the rigid-body inverse-
dynamics control strategy. Although position control is common in robotics, it is not appropriate
for all tasks, particularly when robots need to interact physically with the environment.

5.4. Actuators for the prototype

Currently, electrical motors are used wider than hydraulic and pneumatic types [63-64], more
discussed in [59-60], [65].

The pneumatic actuator operates using a pressurised air source, which can be advantageous;
however, it may have some limitations, such as lower power output and potential challenges in
control. The principle of operation of pneumatic actuators is like that of hydraulic actuators, but
it uses compressed inert gases instead of liquids. It also allows compressed air from the tank to
increase the pressure inside the piston or diaphragm, causing it to expand or reduce the pressure
at the outlet and cause it to contract [73].

Hydraulic actuators are typically characterised by their substantial size and higher cost, which
can be attributed to their significant power requirements and the necessity for stability [48]. They
are mainly used in Exoskeletons, designed to increase the user's strength in industrial or military
applications. The principal advantage of a hydraulic actuator resides in its capacity to generate
substantial power output. Still, on the other hand, the complexity of working with high-power
liquid pumps and the weight of the liquid pumps and pipes are its disadvantages [73-74].

Being controllable of electric actuators is more suitable than others. The most used electrical
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motors are servo motors capable of advanced position-based control and can control many degrees
of freedom, from 1 to 22. There are also other types of electric motors: AC motors, Brush DC
Motors, and Stepper motors [4]. DC motors are well-known for their high torque-to-weight ratio,
low noise, and reliability. One of the more feasible electric motors is a battery used to power
electric actuators [44], [59]. Electric actuators will lead to the development of modern
exoskeletons, as their parameters are size, weight, torque, and velocity. In developing lower limb
exoskeletons, it is recommended to prioritise the placement of actuators on a single joint. This
approach can enhance functionality and efficiency in the overall design. This approach facilitates
the simultaneous control of multiple joints and allows for coordinated movement across two or
more joints. This approach can enhance the overall functionality and effectiveness of the
exoskeleton system. The Series Elastic Actuator (SEA) drive marks a considerable technological
advancement, characterised by its ability to enhance performance by integrating elastic elements.
This design improves precision and compliance in motion control applications, making it an asset
in various engineering fields. It provides exceptional control precision, enhances safety, mitigates
inertia impact, and improves energy efficiency by reducing friction losses. This innovative
solution is poised to meet high-performance standards in various applications [66].

Actuator-related forms of exoskeletons can use single-class actuators or different-class
actuators. However, in practice, one-class actuators are mainly used. Although using multi-class
actuators is theoretically correct, it is more complicated.

Table 3. Actuators for exoskeletons.

Actuator type Advantages Disadvantages
- Low cost - Limited power
Pneumatic - Clean and fast air system - Difficult control
- Safety - Maintenance and Leakage Issues
- More genuine - Cumbersome
Hydraulic - Dissipating heat - High-cost

- More stable

- Easy to control

- Simple control

- Exhibits exceptional movement precision
- Quick response

- Minimum price

- Simple structure

- Low drive speed

- Low energy efficiency

- The influence of external charges
on stability is minimal

- More inertia

- Weightiness

Servo motor

- High accuracy in control force
- Enhanced security with minimised inertia

- Elastic tools limit rigidity
- Huge volume

SEA drive impact - Hefty weight
- Maintaining a stable human-machine - Complex design
connection - Huge power

5.5. Sensors for the prototype

In the past decade, sensors have become the central part of the exoskeletons, making them
more attractive and safer. According to the types of signals in medical exoskeletons, mechanical
sensors help to control the position, altitude, force, torque, pressure, and acceleration based on
mechanical signals (or physical signals) are measured by potentiometers, piezoelectric sensors,
capacitive sensors, accelerometers, gyroscopes, a foot sensitive resistor [44], etc. Neural and brain
signals (or biosignals) need to sense human body elements during the rehabilitation training [67]
to analyse the patient’s recovery and plan the following training proposals. Some offered sensors
for measuring the bio-signals: EMG sensors [44], EEG, fNIRS, and MMG [8].

In addition, it has a positive effect on the efficiency of exoskeletons. Exoskeletons can be
categorised into various types depending on their specific sensor environments. These categories
reflect the different ways in which these advanced devices interact with their surroundings and
respond to external stimuli [8], [10].
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Exoskeletons directly to the physical sensing system. The inertia, force, and displacement
sensors control the exoskeleton and measure kinematic parameters. They help track the
exoskeleton’s positions, movements, forces, and the user’s body. Inertial sensors measure the
orientations, positions, and movements of exoskeletons and patients using accelerometers,
gyroscopes, and magnetometers, often combined into IMUs. Force sensors are employed to
accurately measure the forces and torques exerted on joints, which facilitates a comprehensive
evaluation of human-robot interactions. The exoskeletons can contribute to the system’s accuracy
and control using the displacement sensors.

/
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of I , sensors . exfraction Shared

Ll / i
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(i |

W7/
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Fig. 9. Sensor’s cooperation

Environmental sensors for exoskeletons are essential in improving their interaction with the
environment. Various sensors, including ultrasonic, infrared, and LIDAR, can seamlessly integrate
these advanced mobility aids. These sensors facilitate critical functions such as detecting real-time
obstacles, avoiding potential collisions, and enabling smooth navigation through diverse terrains.
By providing essential data about the exoskeleton's surroundings, these sensors significantly
improve safety measures and increase adaptability, allowing users to manoeuvre confidently in
different environments, whether indoors or outdoors. Exoskeletons equipped with human signal
monitoring can control biological signals, enabling the analysis and determination of the patient’s
physiological state. These devices primarily utilise sensors such as EMG (electromyography),
MMG (mechanomyography), and EEG (electroencephalogram) to offer valuable insights into the
patient’s physical condition, levels of exertion, and cognitive processes.

In general, incorporating the three types of sensors into exoskeletons will make them more
expensive and advanced but also shorten, more effectively, and safer the patient’s treatment
process.

6. Conclusions

This research explored five distinct robotic systems specifically engineered as fixed
exoskeletons to facilitate the rehabilitation of the lower limbs. Each innovative device aims to
enhance mobility and support recovery for individuals with mobility impairments, providing a
structured approach to therapy and rehabilitation. Each system was assessed for its effectiveness
in improving mobility and recovery for individuals with gait impairments. The selected fixed
exoskeletons are more complex mechatronic devices than other types. Many research papers on
lower limb exoskeletons for the laboratory were found, but the commercial type of exoskeletons
is much less discussed in detail. This publication reviewed five types of commercially available
lower limb fixed exoskeletons by developing a comparison table. The discussion surrounding
lower limb exoskeletons has been expanded, and we are prepared to present our upcoming
initiatives. The classification table was created based on selected items. In the next section, the
gait anatomy of lower limb exoskeletons, control strategy including actuators and sensors, and
mechanical design for the prototype were studied and discussed for future research activities.

Developing the prototype of the exoskeleton's following factors is more critical.

Energy efficiency. In the future, energy technology will be a significant part of exoskeletons,
using solar energy, bioenergy, nanotechnology, and wireless charging systems [65]. Improving
the energy efficiency of exoskeletons is essential for extending their operational duration.
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Exploring innovative structures capable of effectively storing and releasing energy during the
various phases of the gait cycle is recommended. This approach could significantly enhance the
performance and functionality of exoskeleton systems [43].

The physical stops should be meticulously designed to withstand the maximum torque
produced by the actuators reliably. This ensures optimal performance and safety in operation.
Safety measures must be incorporated into the exoskeleton’s control system. Furthermore,
additional control strategies must be developed to ensure the wearer's stability and safety in
emergency situations [43].

Human-Robot Collaboration. The research team has proposed a new concept called “human-
in-the-loop,” in which the human and robot are integrated into a closed loop, and the robot can
adjust the working conditions according to the human’s walking condition. This type of human-
robot co-fusion could be a trend for developing rehabilitation robots [65].

Lower costs. The expense associated with developing lower limb exoskeletons poses a
significant challenge. Currently, the available exoskeleton systems are prohibitively expensive for
most individuals with mobility disorders, ranging from $100,000 to $130,000. These amounts
create significant affordability challenges for many people needing such technology. Researchers
should focus on creating exoskeletons accessible to a more substantial number of disabled
individuals. Recent advancements in robotics can potentially significantly lower the costs
associated with high-performance actuators and sensors. This reduction of expenses could
enhance the affordability of exoskeleton systems, making them more accessible for a broader
range of applications. Financial limitations will likely influence patients' choices and willingness
to use exoskeletons. Thus, enhancing the design and lowering costs will facilitate greater patient
acceptance and utilisation of exoskeletons for gait rehabilitation [68].

Lower weight. The exoskeleton must support the user's weight and his weight [69]. There are
some methods to reduce the device’s weight related to the actuators and materials of exoskeletons.
The system comprises a blend of active actuators, which actively control movement and respond
to input signals, and passive actuators, which rely on external forces to operate without requiring
direct control. This combination enhances functionality and efficiency in various applications
[48]. It can help because passive actuators are more lightweight than active ones, but the results
are not at a high level. Selecting light and materials is a more effective method [64]. Applying
carbon fiber composites can effectively reduce the overall weight of exoskeletons, enhancing their
performance and usability. Furthermore, utilising three-dimensional printing technology to
produce specific components can produce highly favourable manufacturing results [43].
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