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Abstract: Research on the lower limb exoskeleton for rehabilitation have developed rapidly to
meet the need of the aging population. The rehabilitation exoskeleton system is a wearable man–
machine integrated mechanical device. In recent years, the vigorous development of exoskeletal
technology has brought new ideas to the rehabilitation and medical treatment of patients with motion
dysfunction, which is expected to help such people complete their daily physiological activities or
even reshape their motion function. The rehabilitation exoskeletons conduct assistance based on
detecting intention, control algorithm, and high-performance actuators. In this paper, we review
rehabilitation exoskeletons from the aspects of the overall design, driving unit, intention perception,
compliant control, and efficiency validation. We discussed the complexity and coupling of the man–
machine integration system, and we hope to provide a guideline when designing a rehabilitation
exoskeleton system for the lower limbs of elderly and disabled patients.
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1. Introduction

Publisher’s Note: MDPI stays neutral

At present, there are a large number of people in China who suffer various movement
dysfunctions at different levels caused by stroke, spinal cord injury, and aging. It causes
a dual physical and mental impact on patients themselves and brings a heavy medical
burden to society and family [1]. Statistics from the Disabled Persons’ Federation of China
showed that the total number of disabled people had exceeded 85 million, accounting for
approximately 6% of the national population, among which about 24 million people were
suffering from physical disability [2], which requires care. Stroke is the deadly diseasewith
a high mortality and disability rate, which has shown explosive recent growth; 85% of
stroke patients lose their walking ability [3]. Moreover, trauma and degeneration are
the main causes of paralysis accompanied by motion and sensory dysfunction. There
are 2.5 million people worldwide who have suffered from this disease, and the number
has increased to 130 thousand annually [4]. The seventh national census of China shows
that the elderly above 60 account for 18.7% of the population, while the latest forecast of
United Nations population data shows that the elderly population in China will approach
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470 million, accounting for more than 30% of the total population in 2025. This means that
China will become the country with the highest degree of an aging population in the world,
bringing severe challenges to the elderly care service system [5].
Elderly or disabled people with lower limb motor dysfunction, who stay in bed or sit
for a long time, will gradually develop a series of complications, such as pressure ulcers,
muscle atrophy, organ dysfunction, edema, or osteoporosis, which will further worsen
the health condition [6]. In order to improve the quality of life of such people, there is
already effective auxiliary walking equipment, such as crutches and wheelchairs, but such
devices are unintelligent and inconvenient to use [7] for the people who have lost their
moving ability. On the other hand, appropriate medical treatment is also an essential
procedure, and rehabilitation doctors need to formulate detailed treatment plans according
to the patient’s condition and complete regular procedures of body exercise training [8].
However, facing such a large number of patients with movement dysfunction, the relevant
professional technicians will be in short supply with the aging population. The recovery
of patients depends directly on the professional quality and clinical experience of the
technicians. The rehabilitation training process will also seriously consume the physical
energy of the physician, which is not conducive to improving efficiency and saving costs. To
meet the increasing demand, which is combining the professional rehabilitation procedures
with daily assistance, exoskeleton technology has drawn increasing attention to achieve
intelligent training and evaluation.
The vigorous development of exoskeletal technology has brought new ideas regarding
the rehabilitation and medical treatment of patients with motor dysfunction, which is
expected to help such people complete their daily physiological activities or even reshape
their motion function [9]. To fully understand the efforts on rehabilitation exoskeletons, this
paper reviews the published works on rehabilitation exoskeletons from 2003 to 2021 in the
Web of Science database [10]. When the papers were reviewed, keywords “rehabilitation
exoskeleton” and “lower limb exoskeleton” were combined with “for the disabled” or
“for the elderly” to collect the published literature. The keywords search generated more
than 136 journal and conference papers related to rehabilitation exoskeletons. Papers not
related to the research topic, repetitive articles, and articles related to walking aids for the
blind and children’s rehabilitation aids were excluded. We selected 96 papers to review the
exoskeletons from the point of manufacturing the rehabilitation exoskeletons. Based on
their contents, the key points of these papers can be categorized into five aspects: ergonomic
design, actuation, perception, control, and validation methods.
The exoskeleton systems were identified as wearable man–machine devices made
through anthropomorphic design, providing active assistance to the users according to
their motion intention. This is one of the most promising potential technical studies to deal
with the problems of disabled care and elderly assistance and rehabilitation [9]. The design
of rehabilitation exoskeletons should match the ergonomic principles to guarantee that the
system can correspond with the distribution of human joints. To achieve rehabilitation
procedures, the structure of the system should be specified, including sensors, actuators,
and controllers. Based on our surveyed literature, most exoskeletons were actuated by
motors and some artificial actuators such as pneumatic muscles (PMs) [11] and shape
memory alloy (SMA) [12] were reviewed. The control methods determined the performance
of the exoskeletons conducting assistance and rehabilitation. The control algorithms were
set to maintain human–machine interaction and send the precise control commands to
drive the actuators to perform corresponding auxiliary actions. Most interaction methods
were achieved by feedback control based on detecting the information of the exoskeletons,
the users, or the man–machine coupling system. Many behavioural and physiological
sensors were introduced into the rehabilitation system to represent the status of the man–
machine system, where the behavioural and physiological sensors describe the kinematic
features (such as joint angles, velocity, acceleration, etc.) and human physical status (such
as heart rate, Electromyogram (EMG), electroencephalogram (EEG), etc.). Whether it is
helping patients with daily physiological activities such as walking or performing regular
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rehabilitation training in accordance with the treatment plan, the exoskeleton system could
easily and effectively complete the rehabilitation goals. Finally, it is necessary to evaluate
the effectiveness of the exoskeleton systems and the performance of the assistance and
rehabilitation.
Developed countries represented by the United States, Switzerland, and Canada
started to explore the design and application of rehabilitation medical exoskeleton robots
very early [13]. So far, a series of commercial products have been developed to meet
various needs, which has greatly promoted the research process of exoskeleton technology
in helping the elderly and the disabled. During the 11th Five-Year Plan of China, according
to the growing demand for domestic social development (especially the elderly and the
disabled), rehabilitation robots started as a key research project. In the 12th Five-Year
Plan, a further concept was proposed regarding rehabilitation. The 13th Five-Year Plan
carried out a continuous special research plan for rehabilitation robots [14]. At present,
both universities and institutes have been committed to the research, and a large number
of rehabilitation exoskeletons have also emerged [15].
The ergonomic design determined the matching performance of the exoskeletons,
which plays a fundamental role to achieve assistance and rehabilitation. The actuators,
sensors, and controllers are the basic elements to conduct motion, perception, and control,
which are the essential parts of the rehabilitation exoskeletons. The validation methods
were designed to confirm the effectiveness of the rehabilitation procedure and the exoskeletons. In this paper, we reviewed the rehabilitation exoskeletons from the aspects
of ergonomic design, actuation, perception, control, and validation. We discussed the
advantages and limitations of the man–machine interaction systems and stated our considerations of designing and developing the rehabilitation exoskeletons in the future. We
hope this paper can provide an overall guideline to design a rehabilitation exoskeleton
system. The contributions of this paper include: (1) as a paper dedicated to reviewing the
rehabilitation exoskeletons, five aspects are listed to summarize state of the art technologies;
(2) the advantages and limitations for every aspect are proposed; (3) the challenges of the
ergonomic design, sensor-based motion perception, actuation, and control were discussed.
We hope this paper could provide a guideline when designing a rehabilitation exoskeleton
system for the lower limbs of the elderly and disabled.
2. Design of the Rehabilitation Exoskeletons
Due to the differences in the degree and location of the loss of motor function of
the wearer, the structural forms of the exoskeleton helping the elderly can be designed
according to the different rehabilitation goals. The unpowered exoskeletons, which do
not contain any powered elements (such as a battery, electric motor, etc.), provided a rich
experience for the ergonomic design because the matching performance determined the
distribution and transmission of the force [16]. There were already several representatives of
passive exoskeletons, such as OX, UPRISE, Niudi, and FORTIS [16]. The OX was designed
by the Australian Government Department of Defense, and it can transfer two-thirds
of the pressure borne by a soldiers’ shoulders, spine, and legs to the ground. Mawashi
Co. (Quebec, Canada) developed UPRISE transferring 50–80% of the pressure borne by
a soldiers’ shoulders to the ground without interfering with normal motion. UPRISE is
constructed by using high-strength titanium alloy. Niudi Co. (Chongqing, China), LTD
from China proposed a modularized UE that can withstand 70 kg but weighs only 6 kg. The
FORTIS is designed by Lockheed Martin Co. (Bethesda, MD, USA) to help workers carry
heavy tools. The unpowered exoskeletons have great potential in the military, industry,
rescue fields, etc. The passive exoskeletons were well-bionic designed and constructed by
dexterous structure. The ergonomic design of the passive exoskeleton could be referred to
as the design of rehabilitation exoskeletons.
The rehabilitation exoskeletons were designed for the elderly and the disabled who
have been suffering from moving dysfunction. Compared with the power-enhanced
exoskeleton worn for people with normal mobility, the safety and stability of the man–
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In terms of active freedom configuration, the existing exoskeletons also showed different characteristics, and the summary of the existing exoskeletons is shown in Table 1.
The working form of the rehabilitation exoskeletons were divided into treadmill based and
over-ground. The treadmill-based exoskeletons constructed a specific trajectory in space,
and the patients’ legs were constrained [17]. The over-ground exoskeletons usually allowed
the patients to walk on the ground [18,19]. Motors were still the common actuators to
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drive the motion of the exoskeleton, which were easily controlled based on the developed
algorithms. The devices were designed based on the level of losing mobility. Most of the
exoskeletons were targeted to the hip joints and could assist the patient to walk based
on balance control. Some exoskeletons introduced crutches to avoid a tumble. However,
there is still a lacking of standard validation methods to confirm the effectiveness of the
exoskeletons. Some systems drive a single joint such as the knee and ankle, and the wearer
often participates in a fixed posture to complete daily physical activities such as walking.
In order to enable the exoskeleton to assist patients with basic gait and active hip and
knee, such as Indego of Parker Hannifin Corporation [20–23], ROBIN of Korea Industrial
Technology Institute of Parker Hannifin [24,25] and MINDWALKER of Delft Polytechnic
University in the Netherlands. In addition [26], a few systems set multiple active joint
mobilities to achieve self-balance or motor flexibility. For example, Rex of Rex Bionics, New
Zealand and ATLAS 2020 [27], developed by the Spanish National Research Council, have
10 active degrees of freedom.
Table 1. Summary of existing exoskeletons and their related technical details (treadmill-based
exoskeletons: The man–machine system operates on the treadmill. Over-ground: The man-machine
system can operate on the ground).
Devices

Working Form

Actuator

Control Strategies

Target Parts of
Human

Keywords of
Validation Methods

Lokomat [17]

Treadmill based
exoskeleton

Motor

Position and impedance

Hip and knee

EM activity

ALEX III [18]

Over-ground

Motor

Balance and impedance

Hip, knee and ankle

Reshape walking
ability

ReWalk [19]

Over-ground

Motor

Force and impedance

Hip and knee

Walking assistance

Hip and knee

Walking assistance

Indego [23]

Over-ground

Motor

Position and
force control

Mindwalker [26]

Over-ground

SEA-motor

Electroencephalogram
(EEG)-based
position control

Hip, knee and ankle

Reshape walking
ability

BLEEX [28]

Over-ground

Hydraulic Cylinders

Position and
force control

Hip, knee and ankle

Reshape walking
ability

Ankle-foot
Exoskeleton [29]

Over-ground

Pneumatic Muscle

Position and
force control

Ankle

Reduction in
Metabolic (21%)

LOPES [30]

Treadmill based
exoskeleton

Bowden Cable-based
Series Elastic Actuator

Torque

Hip, knee and ankle

Improving the control
compliance

Rex [31]

Over-ground

Motor

Balance and
force control

Hip, knee and ankle

Reshape walking
ability

HAL [32]

Over-ground

Motor

EMG-based force control

Hip, knee and ankle

Walking assistance

The wearable form of the rehabilitation exoskeletons guarantees the exoskeletons can
assist in an ergonomic way. The exoskeletons must be designed based on the distribution
of the humanoid characteristics such as muscle distribution, tendon-based transmission,
and skeleton-based support. The position of the actuators should be placed along with
human joints. The passive exoskeletons applied in military and industry fields showed great
development in ergonomic design. Unlike the unpowered exoskeletons, the external energy
should be introduced into the man-machine system because the rehabilitation exoskeletons
are targeted to reshape or maintain the mobility of the people with moving dysfunction.
Therefore, the rehabilitation exoskeletons should be powered exoskeletons, including
actuators, sensors, and control methods. In our surveyed literature, the motors were the
most traditional actuators used in rehabilitation systems, which have been developed for
decades. Some novel actuators were introduced into the rehabilitation exoskeletons, such
as PM and SMA, inspired by their bionic characteristics.
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3. Actuation
The joint actuators belong to the execution part of the exoskeleton movement, delivering the desired power to achieve the auxiliary movement. The moving performance
was determined by key characteristics such as the power effect, composition shape, and
response speed of the actuators. In terms of the current technology of the actuators of
exoskeletons for the elderly and the disabled, it can be divided into three aspects motor
drive, air pressure drive, and functional electric stimulation based on surveyed papers.
Motor-driven exoskeleton drives the system joints by a straight or rotating motor. Most
rehabilitation training equipment with compact structure and fast response was driven by
electric motors [33–37], as illustrated in Figure 2b. Meanwhile, the structure of the rehabilitation exoskeletons was bulky because of the big batteries and motors. Galle et al. [29]
proposed a powered ankle–foot exoskeleton to reduce the metabolic cost which is driven
by pneumatic artificial muscle, as shown in Figure 2b. Timing control was optimized
and implemented, and the experimental results showed a 21% reduction in metabolic
cost. However, prolonged rehabilitation training causes muscle fatigue, such as in the US
Vanderbilt system [38] (Figure 2c). Similar to the PM-actuated exoskeletons, the hydraulic
exoskeletons depended on the pressure supplies [28]. The electrohydraulic actuator
inElectronics 2022, 10, x FOR PEER REVIEW
7 of 16
cluded a motor, gear pump, and antagonistic installed cylinders [39]. The cylinders were
controlled by servo valves and powered by combustion engines or electric motors.

Figure 2. Exoskeleton’s actuators. (a) Motor drive, adapted from ref. [33]; (b) Air pressure drive
Figure 2. Exoskeleton’s actuators. (a) Motor drive, adapted from ref. [33]; (b) Air pressure drive
reprinted
reprintedfrom
fromref.
ref.[29];
[29];(c)
(c)Self
Selfmuscle
muscledrive,
drive,reprinted
reprintedfrom
fromref.
ref.[40].
[40].

In addition, new driving solutions for joint assistance are also being explored and
In addition, new driving solutions for joint assistance are also being explored and
developed. Chinese Academy of Sciences applies magnetic rheological actuator to robot
developed. Chinese Academy of Sciences applies magnetic rheological actuator to robot
rehabilitation system, which can act as a brake or clutch according to the working state
rehabilitation system, which can act as a brake or clutch according to the working state of
of the system (human activity mode/manual activation mode) for energy consumption
the system (human activity mode/manual activation mode) for energy consumption savsaving [41]. The University of Carlos III introduced the design, test, and analysis of SMA
ing [41]. The University of Carlos III introduced the design, test, and analysis of SMA
drives under various configurations and explained the feasibility of the method in soft
drives under various configurations and explained the feasibility of the method in soft
robots and light exoskeletons [42].
robots and light exoskeletons [42].
The electric motors were still the most used actuators for the rehabilitation exoskeleThe electric motors were still the most used actuators for the rehabilitation exoskeletons. Generally, the motors increase the torque by decreasing the rotation speed by the
tons. Generally, the motors increase the torque by decreasing the rotation speed by the
reduction boxes. That is how the electric motors were limited by requiring transmission
reduction boxes. That is how the electric motors were limited by requiring transmission
elements to convert their high-speed, low-torque output features to low-speed and highelements to convert their high-speed, low-torque output features to low-speed and hightorque features [30]. The rehabilitation exoskeletons could provide a powerful force to
torque features [30]. The rehabilitation exoskeletons could provide a powerful force to lift
lift users’ body and keep balance. However, the rehabilitation exoskeletons were of large
users’ body and keep balance. However, the rehabilitation exoskeletons were of large volvolume because of the motors, reducers, and batteries which made the system bulky and
ume because of the motors, reducers, and batteries which made the system bulky and
nonflexible. Therefore, there was a tradeoff between the flexible system and powerful
nonflexible. Therefore, there was a tradeoff between the flexible system and powerful outoutput force. For the rehabilitation process, the movements of rehabilitation were achieved
put force. For the rehabilitation process, the movements of rehabilitation were achieved
slowly to guarantee safety during training. It implied that the motors were suited to assist
people with slow speed, which was appropriate for the disabled and the elderly.
The PMs were studied for decades from modelling, design, and control [43,44]. The
PMs were compliant actuators mimicking human muscles, which were lightweight, had
a high power-to-weight ratio, and were compliant [45]. However, there was an inevitable

Electronics 2022, 11, 388

7 of 16

slowly to guarantee safety during training. It implied that the motors were suited to assist
people with slow speed, which was appropriate for the disabled and the elderly.
The PMs were studied for decades from modelling, design, and control [43,44]. The
PMs were compliant actuators mimicking human muscles, which were lightweight, had a
high power-to-weight ratio, and were compliant [45]. However, there was an inevitable hysteresis between the inflation and deflation process. The hydraulic actuators were selected
to drive exoskeletons because of their high-specific power [39], high-force output [28], wide
control bandwidth, smooth actuation [46] etc. However, a significant limitation of the
pneumatic and hydraulic actuators was the dependence on non-portable pressure supplies.
Both the pumps and air compressors were too heavy and large to carry. Their applications
were limited to the platform-based rehabilitation fields with no or low portability.
The other novel actuators were proposed and applied to the rehabilitation system. The
SMA-actuated soft exoskeletons achieved finger motions. Due to the limited scale of the
output force, novel actuators were suitable for precise rehabilitation with a small motion
range. There is still a long road to transfer the novel actuators from lab to prototype.
4. Motion Intention Perception
Essentially, every person has a unique gait pattern, and it is inaccurate to set a fixed
gait pattern [38]. Therefore, it is necessary to percept human motion to provide feedback to
the exoskeleton system. Human motion intention recognition is involved in obtaining man–
machine interaction and state information, data fusion algorithm to achieve the purpose of
human motion, or even predict the human motion based on multiply sensors.
According to the difference in intention information acquisition mode, it can be divided
into three intention perception methods based on motion signal, biological signal and mixed
man–machine hybrid signal [38]. The motion signals described kinematic and dynamic
characteristics such as motion acceleration, walking speed, joint angles etc., which can be
measured by the gyros or accelerators. The biological signals represented the physiological
information such as muscle fatigue, neural activation, etc., which can be measured by EMG,
EEG, etc. The man–machine hybrid signals described the interaction forces.
The first method had been widely used in typical exoskeletal systems such as the
LOPES [47] American eLEGs [48] through conventional sensors distributed in man–machine
connections or system motor parts, such as an inertial measurement unit mounted on the
limb, a contact force sensor in insoles. The second method could effectively reduce the
hysteresis of intention perception based on extracting and processing EEG or myography
data. For example, the University of Houston used non-invasive brain-computer interface
technology to control the Neuro Rex exoskeleton in real-time, explain the wearer’s intention
through EEG signals and finally achieve the goal of assisting paraplegic patients to complete walking independently [31]. The HAL exoskeleton developed by the University of
Tsukuba in Japan can detect and obtain electrical signals generated by muscle movement on
the skin surface, which was processed as input to the system control [32]. The third method
comprehensively considers the advantages and disadvantages of the above two methods
and establishes a man–machine sensor network to comprehensively utilize biological and
motion signals. The high reliability and low latency of intention perception have now
become one of the focuses of research on exoskeleton technology.
A single sensing data can only reflect limited information of the man-machine interaction process. It requires the fusion processing of multimodal information of different
sources, different levels and different manifestations to ensure the speed and accuracy
of intention perception. For data fusion algorithms, according to the difference of data
processing levels, it can be divided into data level, feature level, and decision level fusion.
More common methods include D-S evidence theory, artificial neural network, adaptive
weighted average, Bayesian estimation, fuzzy set theory, etc. For example, Northwestern
Industrial University has achieved data fusion of EEG and EMG through D-S (Dempster/Shafer) evidence theory and backpropagation neural network [49]. The integration
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of the data collected by the three sensors improves the recognition accuracy of various
motion modes.
Human motion information has been drawing researchers’ attention from the aspects
of the portable and wearable form, high accuracy, and low latency. Fortunately, the motion
sensors can be manufactured into tiny types based on the current semi-conductor development. However, the accuracy of the motion recognition was still limited. The most popular
physiological information was represented by EEG and EMG, depicting the command from
the brain and execution from muscles [31,32]. Moreover, there were no non-invasive sensors with a high signal–noise ratio measuring the intention information [50]. The invasive
sensors showed great potential in improving signal quality, but it is still unclear whether
the invasive sensors interfere with normal human motion. MINDWALKER combined the
EMG and EEG to extract the motion features to improve the accuracy [26,51,52].
Besides, motion intention could be obtained by the kinematics parameters. Indego [23]
introduced inertia measurement units (IMU) to recognize gait patterns. Then, they tuned
the center of pressure to track the desired movements. Peruzzi et al. [53] implemented
gait evaluation based on multiple IMUs. Integrating was conducted to obtain the velocity
and displacement. However, the IMUs-based motion detection would introduce inevitable
errors when conducting integration. Wang et al. [54,55] implemented zero velocity state
detection by judging the difference between the forward acceleration measured by the
accelerator and the forward acceleration derived by the differential of angular velocity
measured by gyros.
The most efficient sensors with a high signal–noise ratio and low latency represented
the motion behind the human, which introduced inevitable latency of the man–machine
system. Motion prediction based on kinematic and dynamic information could solve the
problem essentially. It is still feasible to use the current sensors to conduct perception
during rehabilitation because the rehabilitation process was usually slow-speed, and the
latency of the sensors was acceptable in the slow process of rehabilitation.
5. Control Methods
The exoskeleton compliant control strategy is based on the result of intention perception. Controlling the joints to assist the human body in accordance with the wearer’s motion
intention or the rehabilitation physician’s plan was key to ensure that the system generated
the desired motion and produced auxiliary effects. Li et al. sorted the control strategies
for lower limb rehabilitation exoskeletons with eight categories [56]. At present, common
control algorithms for helping the elderly and the disabled mainly include gait trajectory
planning, impedance/guide control, biological signal-based control algorithm, etc.
The trajectory planning control was usually used to perform movement tasks when
humans lost the motor ability completely and conducted passive rehabilitation at the early
stage of damage [57]. In the gait trajectory planning algorithm, the exoskeleton joints
were controlled to produce periodic motions according to the pre-designed path, which
simulated the gait of humans completing daily activities achieving the coordination of
human and machine actions. The reference movement trajectory can be set in a variety
of ways. Firstly, the gait trajectory playback strategy that directly uses healthy human
gait parameters was widely used in rehabilitation medical exoskeleton. Systems such
as WPAL [58,59] in Japan and Mina [60,61] in the United States can collect gait data of
normal wearers and reproduce the movement process when assisting patients. Secondly,
a mathematical model-based gait trajectory generation method can also be employed
to calculate the required motion parameters through related theories. Rex from New
Zealand generated a gait based on the ZMP model so that the system had self-balancing
ability. ATLAS in Spain planned the corresponding motion trajectory based on the inverted
pendulum model and calculated the key parameters such as step length and step height
required to complete the desired gait [62].
Furthermore, to activate the muscle participation in the rehabilitation process and achieve
compliant interaction torque and voluntary muscle torque, the impedance/admittance model
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was established to realize the mixed control of the force and position of the joint motion. The
impedance control could provide assistance that is proportional to the difference between
the human limb and the given trajectory [63,64]. McGill University in Canada designed a
new adaptive impedance control strategy, which combined backstepping control, time delay
estimation, and interference observer, improving the effect of passive assisted rehabilitation
training [65]. The University of Twente in the Netherlands had designed and verified the
admittance controller on the LOPES II exoskeleton, which could generate the gait trajectory
of the impaired based on the healthy leg [66].
The most classic biology-based control methods were based on EMG and EEG [57].
Both of them control the exoskeletons based on the direct motion intention [67,68]. The
control algorithm based on biological information analyzed the control input required for
the movement of the exoskeleton on the basis of collecting and analyzing the bioelectric
signal of the human body. The Italian Institute of Technology combined the Hill muscle
model and EMG signals to estimate the driving torque required for the knee joint to
complete the exercise in real-time [69]. The University of Michigan in the United States used
an adaptive gain proportional EMG controller for ankle joint assistance, relying on dynamic
gain to map the wearer’s muscle activity to actuation control signals. The experimental
trials showed that the system significantly enhanced ankle strength and reduced metabolic
consumption [70]. EEG-based control is manipulating the exoskeletons based on the brain–
computer interface (BCI). Evidence has shown that a patient with tetraplegia could be able
to control an exoskeleton by using BCI [71]. Vouga et al. [72] enabled a monkey wearing
an exoskeleton to track the cursor on a screen based on continuous regression methods.
EEG parsing has been the hot research for decades, and they usually resorted to a black
box model. EEG has shown great potential in controlling rehabilitation exoskeletons [73].
The interaction control theory has been developed for a long time, and it has been
rather mature for the rehabilitation exoskeletons during one rehabilitation process. There
was no need to demand the real-time performance of the control methods because the
rehabilitation process was usually reduced to a slow process [9]. However, there was lacking
rehabilitation strategy control which usually was made by the doctors. The rehabilitation
strategy is to set the rehabilitation control with different groups of parameters related
to users’ status. The optimization methods should be implemented to select the best
parameters based on the judgement of the rehabilitation stage.
6. Validation of the Rehabilitation Exoskeleton
Quantitative evaluation of the auxiliary effect of the exoskeleton was necessary to
test and optimize the system. The evaluation indicators need to be determined according
to the requirements of rehabilitation training. The efficiency evaluation of rehabilitation
exoskeletons can be divided into task-based evaluation, kinematic and kinetics evaluation,
and interaction evaluation. In task-based evaluation, walking speed and walking distance
are direct indicators of the training results, and the corresponding data can be obtained
through the 5 min walking test (5MWT) [9], 6 min walking test (6MWT), 10 m walking test
(10MWT) [74], and timed up and go (TUG). Besides, endurance [75], versatility [76], and
max speed [77] were used to evaluate the performance of the rehabilitation exoskeletons
under specific tasks.
The validation methods for rehabilitation exoskeletons focuses on sensors used for
biomechanics and energetics measurements. In general, kinematic and dynamic measurement was used to evaluate the flexibility of the rehabilitation exoskeletons and to predict
energy expenditure indirectly. The most popular kinematic parameters were used to validate the exoskeletons were joint angular trajectories, range of motion (ROM), speed, and
COM position [9]. Joint torque output [78], peak power [79], and maximal torque [80]
were used to test the validation of the proposed exoskeletons. Metabolic cost measurement
represented how much energy was saved by the rehabilitation exoskeletons. The EMG
signal represented the activity of the muscle, which can be used to describe the fatigue of
the muscles [74]. Kinematic parameters describe the changes of displacement in linear or
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angular position and their derivatives, such as linear velocity, linear acceleration, angular
velocity, and angular acceleration. They can be obtained by the camera-based recognizing
and wearable recognizing system. Kinetics aims to study forces that affect human motion.
These forces can change the linear or angular motions. Force data can be obtained directly
by using force and torque sensors. GRF is the representation of the human body’s impact
on the ground measured by force plates, which can be used to analyze the force provided by
exoskeletons. The energy for human motions comes from the chemical energy by digesting
food, and it flows in three directions: entropy, maintenance, and muscle energy. The energy
of metabolic cost is part of muscle energy, and it can be measured indirectly by recording
respiratory flow, respiratory flow rate, heart rate, muscle activity, etc.
Comfort reflected the subjective sense of patient interaction with the device. Generally,
we collected the feedback about comfort based on the questionnaire. The strategies of
online detection of physiological data such as heart rate and oxygen consumption can
also be used to intuitively reflect the physiological state of the human body. Besides, the
ergonomic parameters determined the matching performance when humans wore the
exoskeletons, which represented the effectiveness of the design [9]. However, the current
evaluation methods were good at confirming the effectiveness of the exoskeletons, but they
failed to confirm the effectiveness of the rehabilitation process. Clinically, doctors adjust the
rehabilitation process based on the score-based evaluation methods, which is currently the
golden standard [81]. The multi-information collected by the sensors should be introduced
into the evaluation process to confirm the rehabilitation stage.
7. Discussion and Conclusions
At present, countries all over the world have achieved considerable research results
concerningexoskeleton technology for rehabilitation medical treatment [9]. Prototypes
and commercial products with different forms and functions are emerging, bringing new
ways to help the rehabilitation of the elderly and the disabled. However, in terms of the
current technical conditions, it is still facing serious challenges to realize the comprehensive
promotion of the exoskeleton in the social rehabilitation service system.
1.

2.

The matching performance between the exoskeletons and the human body is significantly low. The exoskeleton system with more active degrees of freedom has better
flexibility, but complex structural composition and hardware lines affect the overall
performance of the system. The most popular ergonomic indicators were human-robot
relative position, interface displacements, anthropometric database percentiles, and
adaptability to different height ranges [82]. The joints of the human body and exoskeleton have obvious rotation centers misalignment during movement, which will reduce
man-machine interaction. The coupling system may be deformed and misaligned
during the interaction, which may reduce the power-assisted effect. Problems similar
to the above are widespread in existing systems and severely disrupt ergonomics. To
make the wearable exoskeletons more comfort, the unpowered exoskeletons inspired
the novel design of rehabilitation exoskeletons. The materials and manufacturing
methods for lower limb exoskeletons are important because they guarantee a safe and
ergonomically comfortable interface with the human [83,84].
Sensor-based motion feedback is the basis of exoskeleton controlling and rehabilitation [56]. The joint angle and interaction torque were the frequently used feedback
in most studies. The joint angle can be used to describe the difference between the
given trajectory and output and calculate the force by joint angle deviation [85], the
impedance by derivation of the ankle joint [86]. The interaction torque was usually
used to generate real-time trajectory [87] and provided reference to correct the trajectory [88]. The recognition and prediction of human movement intention are not
accurate enough. The motion intention is estimated by the mechanical signal obtained
by the sensor; although the result is reliable and stable, there is a large hysteresis which
is generated by the signal conversion and decoding process [89]. The human intention
based on biological signal analysis has good timeliness, but the data is unstable, and
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3.

4.

the use process is cumbersome. Therefore, it is necessary to set up a steady communication pipeline between the rehabilitation exoskeletons and humans. Moreover, there
were many kinds of existing data fusion algorithms such as radial basis function neural
networks [90], convolutional neural networks [91], musculoskeletal model [92], etc.,
but motion mode recognition is often difficult to meet the requirements of safety and
reliability accuracy. Previous work has proposed machine learning-based predictors
based on EMG, kinetics, and kinematics to estimate the desired motion intention.
More recently, several researchers have explored using teleceptive sensing of terrain
to improve the prediction of desired locomotion [93]. The above difficulties are urgent
problems to be solved in human intention recognition and prediction. It is feasible to
combine the physical model of human motion with the motion data to achieve fast
and stable intention perception [93]. The body domain network is designed to obtain
the information of human body movement, physical parameters and state.
Lightweight and high power/weight ratios of driving units are difficult to achieve.
Existing exoskeletons’ actuators are often with lower power/weight ratios, and they
have large volumes and mass, such as Lokomat [63] and ALEX [18], resulting in large
and bloated overall structural forms. Hydraulic [39] and pneumatic actuators [11]
improved the power/weight ratio but introduced non-portable pressure supplies
and control difficulties. The series elastic actuators combined the performance of
easy to control and the compliant features [67]. However, it is necessary to explore
more effective driving forms as well as innovative design and optimization methods
of high-power density driving units. A permanent magnet servo motor should be
designed by using conservative optimization design methods to realize the lightweight
of permanent magnet servo motor [94]. The speed closed-loop control strategy and
position closed-loop control strategy should be designed to drive the permanent
magnet motor to achieve high precision control.
The deviation between system motion control and human motion is prominent. The
strong autonomy of human motion, the strong coupling of man-machine interaction,
and the complexity of the system model have made it difficult for many control
algorithms to achieve the goal of man-machine coordination and interaction [56]. The
exoskeleton system should meet the needs of the wearer to complete all kinds of
basic movements and basic movement transformation. For the passive rehabilitation
process, the trajectory-based control is enough to replay the predefined trajectory [60].
But the predefined trajectory is not suitable for different individuals. Introducing
human motion intention input into man-machine interaction control was an effective
method to achieve more dexterous in assisting human motion [95]. Dynamic control
strategy should be implemented in the rehabilitation system, and the stability should
be confirmed based on real-time state detection and stability criteria. Dynamic control
involved the dynamic modelling of the system, for example, a simple mass-springdamper model to characterize series elastic actuator [96], actuated dynamic model [97],
and hybrid dynamic model [98]. Finally, optimization control methods [99] should be
introduced to ensure the reliability and consistency of the rehabilitation.

A number of typical products, such as Lokomat [17], Rewalk [19], HAL [32], etc., have
been successfully developed, and application verification has been initially carried out.
However, due to the difficulty of lightweight design, weak motion intention identification ability and poor motion control, it is difficult to obtain the qualitative efficiency to
improve the existing exoskeleton assistance. It does not have the technical level of system
lightweight, accurate identification and smooth motion, which restricts the promotion
and application of such exoskeletons. Therefore, it is urgent to study high torque density
motor lightweight driving system design theory and method. The multi-mode human
movement biological information decoding and transmission mechanism should be revealed [92], and a multi-source body and exoskeleton coordination movement compliant
control strategy need to be established. The final goal is to solve the key scientific problems
in the engineering application of the exoskeleton robot for the elderly and the disabled and
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provide the theoretical foundation and technical support for the development of wearable
electromechanical systems.
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