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Abstract: Power-assisted lower limb exoskeleton robot is a wearable intelligent robot system involving mechanics,
materials, electronics, control, robotics, and many other fields. The system can use external energy to provide
additional power to humans, enhance the function of the human body, and help the wearer to bear weight
that is previously unbearable. At the same time, employing reasonable structure design and passive energy
storage can also assist in specific actions. First, this paper introduces the research status of power-assisted lower
limb exoskeleton robots at home and abroad, and analyzes several typical prototypes in detail. Then, the key
technologies such as structure design, driving mode, sensing technology, control method, energy management,
and human-machine coupling are summarized, and some common design methods of the exoskeleton robot are
summarized and compared. Finally, the existing problems and possible solutions in the research of power-assisted
lower limb exoskeleton robots are summarized, and the prospect of future development trend has been analyzed.
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0 Introduction

Exoskeleton robot is a shell mechanism that can
provide supporting, protecting and helping humans to
carry out rehabilitation training[1]. It combines the me-
chanical energy of the robot with human intelligence
and is a collection of bionics, sensing, detection, control,
driving, etc. It is also a type of human-mechatronics in-
tegration system that can provide the wearer with exer-
cise assistance, assisting mobility and other functions[2].
The exoskeleton robot is equipped with powerful ac-
tuators at the joints, and with the help of a built-
in multi-sensor system, the exoskeleton robot can ob-
tain the wearer’s movement intention and assist with
the wearer’s movement accordingly[3]. In the past few
decades, the development of the exoskeleton robot has
made tremendous progress. Universities, research in-
stitutions, and industrial companies have been actively
pursuing research in this field. Especially in recent
years, a variety of exoskeleton robot systems have been
developed and tested[4]. According to the body parts
supported by the exoskeleton robot, they can be di-
vided into upper limb exoskeleton robot, lower limb
exoskeleton robot, whole-body exoskeleton robot, and
specific joint supporting exoskeleton robot[5]. This ar-
ticle mainly focuses on the exoskeleton robot of lower
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limbs and discusses some typical prototypes developed
in the world. Lower limb exoskeleton robots can be di-
vided into three categories according to their functions.
The first category is power-assisted lower limb exoskele-
ton robots, which are mainly suitable for healthy people
and are used to enhance human functions. For exam-
ple, it can be used to improve individual combat ca-
pabilities in the military. The second type is rehabili-
tation lower limb exoskeleton robots, which are mainly
used in rehabilitation training and rehabilitation treat-
ment for people whose lower limb movement ability im-
paired. The third type is motion-assisted lower limb
exoskeleton robots, which mainly assist the disabled
in performing actions that they cannot complete[6-8].
At present, great progress has been made in the re-
search of the motion-assisted and rehabilitation lower
limb exoskeleton robots, but there is little research on
the power-assisted lower limb exoskeleton robot. The
article mainly reviews the power-assisted lower limb ex-
oskeleton robot.

1 Research Status

The research on exoskeleton robots originated in the
1960s. In 1965, with the support of the US Department
of Defense, Cornell University and General Corporation
proposed the first generation of whole-body exoskeleton
robot Hardiman[9]. However, due to the limitations of
control, detection, sensing, communication, and energy
technology at that time, the prototype was too large,
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and only one arm was finally realized. The lower limb
exoskeleton robot comes from its branches. Because of
the relatively low technical requirements of the upper
limb exoskeleton robot, the development cycle is rela-
tively short and the development is rapid, the product
is quickly developed and applied[10], but the lower limb
exoskeleton robot did not progress until the end of the
20th century[11].

The performance parameters of some typical power-
assisted lower limb exoskeleton robots are shown in
Table 1.

Table 1 Performance parameters of some typi-
cal power-assisted lower limb exoskeleton
robots

Name
Mass/

kg

Endurance/

h

Load/

kg

Driving

mode

BLEEX 38 20 37 Hydraulic

HULC 24 2—3 100 Hydraulic

HAL-5 5 3 40 Motor

XOS2 95 0.8 90 Hydraulic

Exosuit 10 4 24 Pneumatic muscle

Exo-Hiker 14.1 21 68 Pneumatic spring

DMSE 41 3 30 Hydraulic

Warrior Web 9 24 45 Motor

EKSO 20 6 100 Motor

1.1 Abroad Research Status
In 1978, with the support of the U.S. military, the

Massachusetts Institute of Technology began to im-
prove the power-assisted exoskeleton robot[12]. In the
21st century, due to the technological breakthroughs in
computers, microelectronics, smart materials, and sens-
ing, the research on continuously power-assisted lower-
limb exoskeleton robots has been developed continu-
ously and has been applied in practice. In 2000, the US
Department of Defense invested 50 million US dollars
to launch the “EHPA” (enhanced human exoskeleton)
program, which stimulated the power-assisted exoskele-
ton robot research in the 21st century[13-15]. The Amer-
ican Berkeley Bionic Company developed the BLEEX
lower limb exoskeleton robot under this project and
completed prototype test of the first-generation power-
assisted lower-limb exoskeleton robot BLEEX in 2004.
This is the first energy-sufficient power-assisted lower-
limb exoskeleton robot[16]. This lower limb exoskeleton
robot is driven by a hydraulic system and has a total of
14 degrees of freedom (DOFs), 7 per leg, of which three
are located at the hip joint, three are located at the
ankle joint, and one is located at the knee joint. There
are more than 40 sensors, which can accurately obtain
the position and posture of the exoskeleton robot and
the force of the joints in real time. BLEEX can enable
the wearer to walk at a speed of 1.3m/s under no-load

conditions[17]. However, due to the system complex-
ity, heavyweight, high power consumption, and poor
human-machine coupling, it is uncomfortable to wear
and inconvenient to use.

In order to overcome the above shortcomings, the
company developed a lower limb booster exoskeleton
robot HULC based on BLEEX in 2009 that can greatly
increase the wearer’s weight-bearing capacity. The ex-
oskeleton robot inherits the advantages of BLEEX and
the performance is more excellent and reliable[18]. The
wearer can achieve a variety of relatively complex ac-
tions after putting it on, the maximum load can reach
100kg, and the wearer can walk at a speed of 16 km/h
under no-load conditions[19], and can work continu-
ously for two to three hours. The exoskeleton robot uses
lithium batteries as its power source and is driven by
hydraulics like BLEEX. HULC is not only powerful, but
also very anthropomorphic. It only takes 30 s for the
wearer to complete the two actions of putting on and
taking off, which is very convenient.

The HAL exoskeleton robot was developed by the
University of Tsukuba, Japan. So far, the fifth gener-
ation of the HAL exoskeleton robot system has been
developed. HAL is the first commercialized power-
assisted exoskeleton robot[20]. With the continuous im-
provement of the HAL exoskeleton robot, the total mass
of HAL-5 is only 5 kg, but it can help the wearer lift
40 kg heavy objects. HAL-5 is the first exoskeleton
robot which obtains global safety certification[21]. The
exoskeleton robot has a total of 26 DOFs. It is driven
by a motor and uses a rechargeable battery which can
work continuously for about 3 h. The working process
is to obtain the electromyographic (EMG) signal of the
wearer’s skin by electrodes, and then transmit the sig-
nal to the central processing unit (CPU) for processing,
so as to determine the wearer’s motion intention, and
finally make the driver produce the corresponding ac-
tion, so as to complete the assistance function. HAL-5
can realize various complex actions such as squatting,
jumping, and running up and down stairs[22], which
fully embodies the man-machine coupling and makes
the wearer feel quite comfortable.

The American Raytheon Company launched the
XOS2 exoskeleton robot in 2010. The exoskeleton robot
is mainly used for individual combat. The driving
method is high-pressure hydraulic drive, which can pro-
vide strong power. It can enable soldier to penetrate
76mm thick wooden boards with one hand[23], grab
100kg heavy objects with almost no effort, and run at
a speed of 5 km/h. After wearing the XOS2 exoskele-
ton robot, the soldier can perform complex and flexi-
ble movements, such as mountain climbing and kicking.
However, this exoskeleton robot itself is bulky, reach-
ing 95 kg, and it is very inconvenient to wear and take
off. It consumes a lot of energy and can only work
for 40min. In contrast, the EKSO exoskeleton robot
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developed by the American EKSO Bionic Company is
more convenient to use. The mechanical structure is
made of alloys of aluminum and titanium in order to
reduce its mass[24]. The main advantage of this ex-
oskeleton robot is that the control mode can be selected
through the joystick, and it can be switched back and
forth between active and passive, which can be used for
assistance and rehabilitation.

HEXAR is an under-actuated lower limb exoskeleton
robot developed by Hanyang University in Korea[25].
HEXAR has a total of 15 DOFs. Through the constant
force mechanism, the hip joint module bears the mass
of the upper exoskeleton robot system and its load; the
ankle joint module bears the total weight of the ex-
oskeleton robot system, and uses its own elastic defor-
mation potential energy to provide propulsion for walk-
ing. The wearer can walk at a speed of 1.5 km/h and
carry a mass of 40 kg[26]. The exoskeleton robot has
six photoelectric encoders on both legs and four pres-
sure sensors on the feet, which can collect the move-
ment information of the human body’s lower limbs in
real time, and they are used to judge the wearer’s
movement intention[27]. The LEE power-assisted lower
limb exoskeleton robot has been researched and devel-
oped by Professor Luo Jinfa from Nanyang Technolog-
ical University in Singapore[28]. Based on the zero mo-
ment point (ZMP) stability criterion[29], the exoskele-
ton robot is divided into inner and outer sides. The
inner side is used for contacting with the wearer, and
the outer side is used for assisting. It is also driven by
a motor. The biggest shortcoming of LEE is that it
cannot withstand large loads.

Soft Exosuit is the first flexible exoskeleton robot
designed by Harvard University[30]. Later, under the
sponsorship of DARPA in the United States, the sec-
ond generation of Soft Exosuit was developed. The ex-
oskeleton robot has no rigid components, and the mass
is only 12.15 kg, which is convenient to wear. A new
type of elastic fabric belt is also designed. It can also
provide additional assistance besides the motor[31]. In
September 2011, the US DARPA developed the Warrior
Web intelligent combat uniform. The mass of the smart
combat uniform is only 9 kg, which is lighter and has
a power of less than 100W. The battery mass is only
4.5 kg, but it can work continuously for 24 h. Soldiers
wearing Warrior Web can reach a speed of 1.25 km/h
with 45 kg load, and reduce energy consumption by
25%[32]. Based on this, the Stanford International Re-
search Institute in the United States has developed a
flexible exoskeleton robot Super flex that can mimic the
wearer’s movement information through sensors and
other devices. This exoskeleton robot can provide the
wearer with the strength to support the body, and the
mass is only 3.63 kg[33]. Australia has developed a new
type of passive flexible exoskeleton robot OX, which can
transfer most of the soldiers’ load to the ground. The

exoskeleton robot is equipped with two simple Bowden
ropes, the mass is less than 3 kg, the cost is low, and
the man-machine coupling is strong[34].
1.2 Domestic Research Status

The study on exoskeleton robots in China started
late, and there is still a big gap compared with for-
eign countries, but good results have been achieved. In
2004, the Chinese Academy of Sciences pioneered the
research of power-assisted exoskeleton robots and de-
veloped a set of exoskeleton robot prototypes[35]. The
exoskeleton robot is driven by a motor and has 6 DOFs
per leg. The encoder is used to obtain the wearer’s mo-
tion state and determine the wearer’s motion intention.
East China University of Science and Technology de-
veloped the ELEBOT exoskeleton robot in 2008. The
wearer’s movement intention is also obtained through
the pressure sensor on the sole of the foot, and it can
carry up to 30kg. The exoskeleton robot uses lithium
batteries as power supply[36] and for hydraulic drive,
the hydraulic pump is driven by a direct current (DC)
brushless motor[37], which can provide very powerful
power, but the working pressure is large, the energy
consumption is high, and the continuous working time
is short.

General Hospital of Eastern Theater Command suc-
cessfully developed a lower limb exoskeleton robot in
2013. This exoskeleton robot is used for individual com-
bat and can help soldiers bear half of load. It is driven
by a motor and the control method is similar to that
of HAL. The gait information is obtained in real time
by collecting the EMG signal of the wearer’s legs, and
then the signal is transmitted to the CPU to deter-
mine the wearer’s movement intention, so as to control
the motor to drive the corresponding joint to achieve
power assistance[38]. The Naval Aeronautical Engineer-
ing Institute has designed a third-generation exoskele-
ton robot prototype[39]. The exoskeleton robot is driven
by elastic elements and motors. The overall mass is
21.2 kg. It can work continuously for 2 h. The walking
speed can reach 3.6 km/h under the condition of 30 kg
load, and the exoskeleton robot can achieve a series of
complex actions such as jumping, squatting, and run-
ning up and down stairs.

In 2017, Gao Yongsheng’s team at the State Key Lab-
oratory of Robotics and Systems of Harbin Institute of
Technology developed a flexible under-actuated power-
assisted lower limb exoskeleton robot system. The ex-
oskeleton robot has a mass of 8.6 kg and is driven by
Bowden ropes. The joint rotation is driven by a pulley
mechanism to achieve the power assistance. The ex-
oskeleton robot can reduce the wearer’s heart rate by
an average of 10 beats/min when working[40]. In 2018,
Shanghai Si Yi Intelligent Technology Company de-
veloped a commercial unilaterally power-assisted lower
limb exoskeleton robot system Easy Walk X1. The ex-
oskeleton robot adopts a flexible drive method, which
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can provide help to the wearer’s ankle joint, and its
mass is less than 3 kg. The exoskeleton robot system
is also equipped with voice control and inertial sen-
sors, allowing it to work in different environments and
terrains[41]. In addition, Harbin Institute of Technol-
ogy, Southeast University, Zhejiang University, Nanjing
University of Science and Technology have all carried

out research on power-assisted lower limb exoskeleton
robots and achieved corresponding results.

2 Key Technology

The working principle of the power-assisted lower
limb exoskeleton robot is shown in Fig. 1.

Driving

Gait
planning

Exoskeleton

Coupling

Assistance

Wear

Interaction

ReceiveIntention

Wearer

Gait
analysis

ControlPower

Perception

Fig. 1 Working principle of power-assisted lower limb exoskeleton robot

When the wearer generates motion intention, the ex-
oskeleton robot receives the prediction, the sensor col-
lects the signal and sends the signal to the control sys-
tem for processing, and finally, the drive system will
act according to the instructions issued by the control
system to drive the exoskeleton robot and achieve assis-
tance. The energy for this process is all provided by the
power source. Among them, the idea of human-machine
interaction is reflected from the wearer’s movement in-
tention to the exoskeleton robot’s reception prediction;
the completion of the gait planning of the exoskeleton
robot through the analysis of the wearer’s gait reflects
the idea of man-machine coupling.
2.1 Structure Design

The structure design is the most basic part of the re-
search of power-assisted lower limb exoskeleton robots,
which determines whether the functions of the exoskele-
ton robot can be realized normally[42]. The structure
design should meet the design principles of anthropo-
morphism and coordination. On this basis, the DOF
of the lower limbs of the human body and the gait of
the human body must be analyzed; additionally, the
kinematics and dynamics analysis must be completed.
2.1.1 DOF Analysis of Lower Limbs of Human Body

The lower limb joints of the human body mainly
include hip joint, knee joint, and ankle joint. The

three joints coordinate with each other to help the hu-
man body walk normally[43]. According to anatomy,
the lower limbs of the human body are divided into
three reference planes: the horizontal plane, the coro-
nal plane, and the reference plane; three reference axes:
the vertical axis, the sagittal axis, and the coronal
axis[44]. The motion of the joint is in these three ref-
erence planes, rotating around the three reference axes
and making translations along the three reference axes.
It can be seen that there are 14 DOFs in the lower limbs
of the human body, including seven DOFs in each leg,
including hip joint flexion and extension, adduction and
abduction; knee joint internal rotation and external ro-
tation, flexion and extension, adduction and abduction;
ankle joint dorsiflexion and plantar flexion, inversion
and eversion.

Since the power-assisted lower limb exoskeleton robot
is worn in direct contact with the lower limbs of the
human body, its DOF must be consistent with the DOF
of the lower limbs of the human body. At the same time,
in order to ensure comfort and safety when wearing, the
motion range of each joint of the lower limb exoskeleton
robot should be within the normal motion range of the
lower limb joints of the human body.

The range of DOFs of each joint is shown in Table 2.
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Table 2 Range of DOFs of each joint

Joint DOF Range/(◦)

Hip Flexion/extension (−120)—(65)

Adduction/abduction (−30—−35)—(40)

Knee Intorsion/extorsion (−15—−30)—(60)

Flexion/extension (−120—−160)—(0)

Adduction/abduction (−30—35)—(15—20)

Ankle Intorsion/extorsion (−15)—(30—50)

Dorsiflexion/plantarflexion (−20)—(40—50)

2.1.2 Kinematics and Dynamics Analysis
DOF analysis can only meet the anthropomorphic

design requirements of the exoskeleton robot. To re-
alize assisted motion function, the exoskeleton robot
and the lower limbs of the human body must move in
coordination. It is necessary to establish a mathemat-
ical model that describes the position relation of each
joint in the space coordinates system to determine the
movement posture of the exoskeleton robot, that is, to
perform the kinematic analysis. After the kinematics
analysis, the relationship between the motion and the
torque must be determined, so the dynamic analysis of
the exoskeleton robot is required.

The specific steps are: applying the Denavit-
Hartenberg (D-H) coordinate analysis method to estab-
lish a mathematical model of human-machine coupling,
performing the kinematics analysis on the exoskeleton
robot, and obtaining the relationship between the ex-
oskeleton robot end and each joint motion parameter.
Then the dynamic analysis is conducted to study the

relationship between walking force and torque, the driv-
ing torque required by the ankle joint is determined
according to its position control target, and finally the
correctness of the theoretical solution of kinematics and
dynamics is verified through simulation.

Kinematics and dynamics analysis can find the
torque required by the exoskeleton robot, but the spe-
cific gait trajectory of the exoskeleton robot is not clear
yet, so the gait planning should be carried out.
2.1.3 Gait Planning

On the premise of ensuring anthropomorphism and
coordination, reasonable and effective methods are used
to complete the gait planning of the exoskeleton robot
to ensure the stability of the exoskeleton robot dur-
ing work. Gait planning is the planning of the end
trajectory of the power-assisted lower limb exoskeleton
robot, which is an important basis for the bionic design
of the wearable exoskeleton robot[45]. The purpose of
gait planning is to determine the relationship between
the various parts of the exoskeleton robot system, to
ensure that the exoskeleton robot body does not in-
terfere with the environment and all the joints of the
exoskeleton robot do not interfere each other during
work, and to ensure the stability of the overall move-
ment. Because the exoskeleton robot system needs to
meet the design principles of anthropomorphism, so the
study of its gait must start from the walking movement
of the person, usually using time and space parameters
to describe the walking movement of the person. In
the process of human walking, the time parameter is
especially important. The human gait cycle is shown
in Fig. 2.

Supporting phase (60%) Swing phase (40%)

Fig. 2 Human gait cycle

It can be seen that the movement cycle of the lower
limbs of the human body is divided into the supporting
phase and the swing phase[46]. The supporting phase
refers to the single leg or two legs touching the ground,
and the swing phase refers to the movement of one leg
off the ground while the human body is walking. A gait
cycle is from the heel of one foot to the ground until
the heel of this foot touches the ground again. As far
as a single leg is concerned, the swing phase and the
supporting phase account for about 40% and 60% of

the entire gait cycle respectively, and both feet are in
the supporting phase at the same time, accounting for
about 10%, so that the proportion of each phase dur-
ing exoskeleton robot movement can be obtained. In
addition, in the process of human walking, there are
some spatial parameters, mainly including step length,
stride width, step width, and step frequency[47]. Step
length refers to the straight-line distance between the
heels of two feet in the direction of travel when a per-
son is walking, generally between 500mm and 800mm;
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stride width refers to the straight-line distance between
the heels of the same foot when it touches the ground
twice, and the length of stride width is about twice the
step length; step width refers to the lateral distance
between two feet, generally about 50—100mm; step
frequency refers to the number of steps taken per unit
time during human walking.

Finally, based on the analyzed time and space pa-
rameters, the human gait is divided into three/five
special posture points by the three/five-point planning
method, and the corresponding position and angle coor-
dinates are solved. Then the cubic spline interpolation
method is used to perform curve fitting, and the tra-
jectory curve of each joint is simulated. Based on the
simulation, the ZMP curve of each joint is solved ac-
cording to the ZMP dynamic trajectory equation, which
is the final gait planning curve. Based on the analysis
of the DOF of the human body, kinematics and dy-
namics analysis, and gait planning, the structure of the
power-assisted lower limb exoskeleton robot can be de-
signed. The currently developed exoskeleton robot has
achieved the basic function of boosting, but it must
take full account of the wearer’s comfort, lightness, and
flexibility. It is also necessary to further improve the
human-machine coordination to make the exoskeleton
body more similar to the human body. Since most re-
searchers are relatively fixed in exoskeleton robot size
design and freedom of choice, the structure design of
the exoskeleton robot is slightly insufficient in terms of
innovation, and it is possible to consider increasing the
DOF on the toes to improve the structure innovation of

the exoskeleton robot. At the same time, the structural
lightweight design and man-machine matching design
are also the key and difficult points.
2.2 Driving Mode

At present, a large number of studies have been car-
ried out on the driving methods of power-assisted lower
limb exoskeleton robots, mainly including motor drive,
hydraulic drive, cylinder drive, and pneumatic muscle
drive[48].
2.2.1 Motor Drive

The motor drive is the most used drive mode in the
exoskeleton robot. This driving method can directly
use electric energy and can realize high-precision mo-
tion control by adjusting the parameters of the motor,
and the response is very fast[49]. As shown in Fig. 3,
the motor drive mode of the power-assisted lower limb
exoskeleton robot is usually divided into two types[50].
One is to install a motor directly on the exoskeleton
robot rotating joint and use the rotation of the motor
rotor to drive the rotation of the joint. Although this
method is simple in structure, it will increase the mo-
ment of inertia of the joint. The other is to use an elec-
tric push rod to drive, usually Brushless DC motors are
used, the motor drives the nut in the ball screw through
the transmission element, and the nut pushes the screw
to move in a straight line, thereby pushing the hip,
knee, ankle and ankle joints of the exoskeleton robot of
the lower limbs to rotate, and finally make the exoskele-
ton robot produce limb movements that imitate the hu-
man body to achieve assistance. In contrast, the second
driving method is relatively more widely used[51].

Wear
Drive

DriveTransmissionRecognition

Assistance

Sensor

Action Processor Motor Ball screw Action

Fig. 3 Working principle of motor drive

2.2.2 Hydraulic Drive
The hydraulic drive is a transmission method in

which fluid (hydraulic oil) is used as a working medium
for energy transmission, including five parts: liquid
medium, power source device, execution device, con-
trol and adjustment device, and auxiliary device[52].
The hydraulic drive has a high mass-to-energy ratio
and can provide strong power for the wearer. There-
fore, the power-assisted exoskeleton robot with the hy-
draulic drive is more suitable for carrying materials and

equipment[53]. Hydraulic drives include hydraulic cylin-
ders and hydraulic motors[54], and hydraulic cylinders
are commonly used in exoskeleton robots. The working
principle of the hydraulic drive is shown in Fig. 4.

The sensor sends the collected digital signal to the
control system for identification and processing and
then issues instructions to drive the hydraulic cylin-
der to move, and the thigh and calf of the lower limb
exoskeleton robot directly connected to it are driven by
the expansion and contraction of the hydraulic cylinder.



J. Shanghai Jiao Tong Univ. (Sci.), 2024, 29(1): 1-15 7

Drive

Hydraulic
cylinder

Processor Hydraulic valve

Sensor
W

ea
r

Action

Action

A
ss

is
ta

nc
e

A
dj

us
tm

en
t

Recognition

Fig. 4 Working principle of hydraulic drive

Corresponding movements with the feet to synchronize
and coordinate with the wearer’s movements are made
to achieve assistance. When using this drive method,

it is important to consider the issue of lightweight[55].
2.2.3 Cylinder Drive

The cylinder drive is a transmission method that uses
the gas generated by the air source device as a working
medium for energy transmission[56]. Compared with
motor drive and hydraulic drive, cylinder drive is cur-
rently less used in power-assisted lower limb exoskele-
ton robots[57]. Its working principle is similar to that
of hydraulic drive, the cylinder piston is directly con-
nected to the thigh, calf, and foot of the exoskeleton
robot of the lower limb, as shown in Fig. 5. The signal
reaches the control valve through the controller, and the
control valve makes corresponding actions to make the
piston move linearly under the action of compressed
gas. Finally, the rectilinear motion of the lower limb
exoskeleton robot piston is transformed into the joint
rotation of the lower limb exoskeleton robot, which syn-
chronizes and coordinates with the wearer’s motion to
achieve power assistance.

Active

Sensor

Processor

Recognition Adjustment Drive

Active

Assistance

Wear

Pneumatic
valve

Pneumatic
cylinder

Fig. 5 Working principle of cylinder drive

2.2.4 Pneumatic Muscle Drive

Pneumatic muscle drive is a new type of drive
method, which uses an anthropomorphic design idea[58].
Due to the inherent compliance and limited maximum
contraction of pneumatic muscles, this driving method
is commonly used in flexible exoskeleton robots[59].
Each rotary joint of the lower limb exoskeleton robot is
driven by two pneumatic muscles. The working princi-
ple of pneumatic muscle drive is shown in Fig. 6. The
length of the artificial muscle is changed by the com-
pression of gas, and then the movement of the exoskele-
ton robot of the lower limb is driven by the expansion
and contraction of the artificial muscle, so as to achieve
power assistance. The driving efficiency of pneumatic
artificial muscles is relatively high. Pneumatic muscles
have small mass but high energy output, and pneumatic
muscles also have the characteristics of automatic brak-
ing. At the same time, it is so safe in human-machine
interaction when pneumatic muscles are used to drive,
so it is very suitable as a wearable flexible air pressure

driver. At present, the pneumatic muscle drive is not
mature and the economy is poor. There are few power-
assisted lower limb exoskeleton robots using this drive
method[60].

The comparisons of the four driving modes are shown
in Table 3.

In summary, motor drive, hydraulic drive, and cylin-
der drive have adverse effects on noise, volume, and
quality, while pneumatic muscles are difficult to con-
trol. Therefore, improving the existing driving method
and adopting a combination of rigid and flexible driving
measures to reduce the mass and volume of the driving
system are important. Those are also the bottlenecks
restricting the development of exoskeleton robots.
2.3 Perception Technology

As shown in Fig. 7, the perception system is equiv-
alent to the human nerves. Through this technology,
the exoskeleton robot of the lower limbs can be better
aligned with the wearer’s movement, and the accuracy
of the control system can be improved[61].
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Table 3 Comparisons of four driving modes

Driving mode Advantage Disadvantage Typical product

Motor Lower noise Large inertia HAL

High precision Poor balance LEE

Simple structure Speed reducer ReWalk

Hydraulic High energy ratio Inefficiency BLEEX

Overload protection Pollution HULC

Variable speed Low precision XOS2

Cylinder Low cost Hard to control PAGO

safe high noise POGO

Direct drive Low precision PAS

Pneumatic muscle Comfortable wear Nonlinearity KNEXO

Efficiency Poor tensile strength HLLE

Light quality Small trip RUPERT
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Fig. 7 Structure diagram of perception system

In order to control the lower limbs exoskeleton robot
to provide intelligent and effective assistance to the hu-
man body, it is important to obtain different types of

movement data of the wearer during exercise. The mea-
sured data can analyze the wearer’s movement state
and identify the wearer’s movement intention[62]. At
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present, the human motion intention recognition of the
power-assisted lower limb exoskeleton robot mainly re-
lies on sensors.

Single sensor usually does not meet the system re-
quirements. In order to obtain higher performance
parameters, the exoskeleton robot system is usually
equipped with different types of sensors to measure
the data such as body posture, joint angle, human-
machine interaction force, EMG signal, and electroen-
cephalography (EEG) signal, and the multi-sensor data
fusion algorithm is used to comprehensively process the
collected data. According to the type of data mea-
sured, sensors can be divided into biosensors and phys-

ical sensors. The biosensor is mainly used to obtain
the EMG and EEG signals of the human body, so as
to identify the movement intention and realize human-
machine interaction. The physical sensor is the premise
of human-machine interaction. It can be used to obtain
the kinematic and mechanical information of exoskele-
ton robots, so as to control the exoskeleton robots ac-
curately. The simultaneous operation of the two sensors
can not only greatly improve the comfort of the wearer,
but also ensure the safety of the wearer. The layout de-
scription of some commonly used sensors in lower limb
exoskeleton robots is shown in Table 4.

Table 4 Layout description of some commonly used sensors in lower limb exoskeleton robots

Sensor Installation position Measured signal Effect

Encoder Hip Rotation angle Control joint position

Knee Rotation angle

Thigh Angular velocity Recognize gait

Inertial sensor Leg Angular acceleration

Pressure sensor Shoe sole Counteracting force Collect interaction force

Shoulder Shoulder interaction force

Middle thigh Leg interaction force

Backplane Back interaction force

EMG sensor Skin EMG signal Identify intent

However, for the flexible exoskeleton robot, some new
soft sensors are needed to correctly control and evaluate
the soft coat, such as strain sensor made of silica gel,
which can not only reduce the measurement error, but
also further reduce the mass of the exoskeleton robot
and realize lightweight. Recognizing the movement in-
tention quickly and accurately is the prerequisite for re-
alizing the coordinated control of the exoskeleton robot.
At present, there are still many technical challenges in
motion intention recognition, such as sensor technology
and multi-sensor data fusion algorithm
2.4 Control Method

Control is the most core technology in the research
of lower limb exoskeleton robots. Figure 8 is the struc-
tural block diagram of the exoskeleton robot control
system. In the exoskeleton robot, the control system
is equivalent to the human brain, and its primary pur-
pose is to ensure the human-machine coordination. At
present, the control methods for power-assisted lower
limb exoskeleton robots mainly include ZMP control,
sensitivity amplification control, human-machine inter-
action force feedback control[63], master-slave control,
and EMG control.
2.4.1 ZMP Control

ZMP represents the point of zero moments, at which
the horizontal component of the external force moment
of the lower exoskeleton robot is zero[64]. When the pro-

jection of the ZMP on the ground is within the effective
support range, the exoskeleton robot keeps walking sta-
bly. This method is used to ensure the stability of the
exoskeleton robot at work. The working principle is to
feedback the body’s posture through sensors installed
at the exoskeleton robot feet and joints, and then es-
timate the ZMP position of the power-assisted lower
limb exoskeleton robot. If the projection of the ZMP of
the power-assisted lower limb exoskeleton robot on the
ground is not within the effective support range, the
cast shadow of the exoskeleton robot needs to be con-
trolled so that the ZMP projection falls within the ef-
fective support range again, and the coordinated move-
ment between the robot and the human lower extremi-
ties can be achieved. This method is mainly used in the
early study of lower limb exoskeleton robots[65].
2.4.2 Sensitivity Amplification Control

Sensitivity amplification control defines the trans-
fer function between the force exerted by the wearer
on the exoskeleton robot and the output of the ex-
oskeleton robot as a sensitivity function, which is maxi-
mized by the controller so that the movement of the ex-
oskeleton robot can be controlled with a small force. In
this method, the wearer’s motion intention is judged
by the inverse kinematics calculation results of the
power-assisted lower limb exoskeleton robot, and the
control accuracy is determined by the accuracy of the
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Fig. 8 Structural block diagram of exoskeleton robot control system

inverse kinematics model. The sensitivity amplification
control is different from other control methods in that
it does not require any sensors. At the same time, it
can control the coordinated movement of the lower limb
exoskeleton robot and the wearer. Sensitivity amplifi-
cation control is mostly used for power-assisted lower
limb exoskeleton robots with increased load[66].
2.4.3 Human-Machine Interaction Force Feedback

Control
Human-machine interaction force feedback control

requires a force sensor to be installed between the hu-
man and the exoskeleton robot to measure the force sig-
nal between the exoskeleton robot and the contact point
of the wearer, and then the force information is sent to
the CPU for processing, so as to judge the movement
intention of the wearer and control the power output
of the exoskeleton robot. The key to human-machine
interaction force feedback control is to minimize the in-

teraction force between the human and the exoskeleton
so that the wearer can hardly feel the existence of the
exoskeleton robot[67]. The human-machine interaction
force is analogous to the force between the exoskeleton
robot and the environment, which increases the comfort
of the wearer and realizes the human-machine coupling.
Using this control method, the human-machine inter-
action interface is designed based on the interaction
force between the wearer and the exoskeleton robot.
Human-machine interaction force feedback control is
one of the most widely used control methods in the
design of power-assisted lower limb exoskeleton robots.
2.4.4 Master-Slave Control

Master-slave control is generally used in remote
robotic operating system, and the purpose is to make
remote machine imitate the operator’s actions. In
order to continuously capture the movement of the hu-
man body, the operator must wear a main exoskeleton
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robot device. The goal of this method is to control the
joint angle of the machine to track the corresponding
joint angle of the human body through feedback. This
control method not only controls the position and di-
rection of the terminal, but also controls the posture of
the entire device[68]. This requires that enough space
should be reserved between the wearer and the exoskele-
ton during exoskeleton design, which makes the design
of the exoskeleton very complicated and inconsistent
with the design principles of lightweight and coordi-
nated control of the power-assisted lower limb exoskele-
ton robot.
2.4.5 EMG Control

The principle of EMG control is to obtain the
wearer’s EMG signal through the EMG sensor installed

on the wearer’s surface skin. After processing, differ-
ent algorithms are used to judge the human’s move-
ment intention, and then control the movement of the
exoskeleton robot, so as to make the lower limb ex-
oskeleton robot and the wearer’s behavior in harmony.
Since the EMG signal changes before muscle contrac-
tion, flexion and extension, this method has no hys-
teresis, and it can control the exoskeleton robot of the
lower limbs in real time to provide the assistance to
the wearer. However, because this control method re-
quires installing sensors on the wearer’s surface skin,
the control method is less comfortable and has poor
practicability[69], so it is rarely used at present.

The comparisons of five control methods are shown
in Table 5.

Table 5 Comparisons of control methods

Control method Advantage Disadvantage Typical product

ZMP Convenient Reliable Poor coordination XOR

Low precision LEE

Static walking AABLE

Sensitivity amplification
control

No sensor needed Strong interference BLEEX

Small driving force Low precision XOS

EKXO

Human-machine interaction
force feedback control

Coordinate Hysteresis EXOP

High precision Inconvenient LOPES

Flexible Discomfort KUKA

EMG control No hysteresis Sensitive ROGO

Follow-up Complex HAL

Convenient Discomfort REX

Master-slave control High precision Large mass Hardiman

The above control methods for the exoskeleton robot
can accurately and timely control the exoskeleton robot
movement, but most of these control methods are to
control the wearer to do some simple and slow move-
ments. Once the wearer makes high-speed and com-
plex movements, the accuracy of these control methods
will be reduced, and even the exoskeleton robot can-
not achieve the prospective action. Therefore, it is an
urgent problem to put forward a better control method.
2.5 Energy Management

Insufficient continuous working time is a com-
mon problem in power-assisted lower limb exoskeleton
robots, so energy management has become a key dif-
ficulty in the development of exoskeleton robots. At
present, most of the lower limb exoskeleton robots are
powered by battery and engine. The battery is safe
and reliable as a power source, easy to replace, and
has low noise. However, the power density and energy
density of the battery are relatively low, and it can-

not continue to supply power to the exoskeleton robot.
There are also problems such as long charging time and
inconvenience[70]. As a power source, the engine has
large output power, and the power supply lasts for a
long time, but it is noisy and polluting during opera-
tion. Compared with the battery, the engine is more
difficult to control and the quality is larger. In sum-
mary, both power sources have major shortcomings,
which greatly limit the development of power-assisted
lower limb exoskeleton robots.

Since the power source of the exoskeleton robot
must be movable, this requires that the selected en-
ergy source must have sufficient power and be safe,
but most of the existing power sources are relatively
heavy and have a very limited continuous energy sup-
ply time. At present, researchers have begun to explore
a series of new energy technologies such as solar energy,
bioenergy, and fuel cells, hoping to effectively solve this
key difficulty in the future.
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2.6 Human-Machine Coupling
The human-machine coupling comes from the com-

munication behavior between people. While the ex-
oskeleton robot satisfies the human, the human must
also adapt to the action of the exoskeleton robot[71].
Human-machine coupling is the most significant fea-
ture of exoskeleton robots that is different from tra-
ditional robots. The human-machine coupling mecha-
nism realizes the connection between the wearer and
the exoskeleton robots so that the two unite to form a
human-machine coupling system. In the design of the
power-assisted lower limb exoskeleton robot, in order to
achieve human-machine coupling, it is necessary to con-
sider the design principles of safety, comfort, flexibility,
lightweight, anthropomorphism, etc.

Since the lower limbs of the human body are in di-
rect contact with the exoskeleton robot, it is important
to ensure the safety of the wearer. Generally, limited
devices are designed at the joints of the power-assisted
lower limb exoskeleton robot or programmed to limit
the rotation angle to prevent injury to the joints. On
the other hand, it is also necessary to consider that
the exoskeleton robot may collide and fall during work-
ing. Therefore, a set of scientific evaluation methods
must be established, which also improves the comfort
and flexibility of the wearer. For lightweight, because
the design of the exoskeleton robot mostly uses metal
materials, aluminum alloy has become the first choice.
This material not only has low density, but also has the
advantages of good plasticity and corrosion resistance.
Moreover, it is easy to process, environmentally friendly
and it does not harm the wearer’s skin. In the future,
new polymer materials will become the first choice for
exoskeleton robot design[72]; the ultimate goal of an-
thropomorphic design is to make the designed structure
adapt to the structure and contour size of human body.
It is closely related to the calculation accuracy of its
inverse kinematics.

In addition, because there are differences between in-
dividuals, this requires that the power-assisted lower
limb exoskeleton robot must have a strong learning
ability to meet the requirements of different wearers.
Therefore, the application of machine learning to ex-
oskeleton robots is also a key issue.

3 Conclusion

It can be seen that the United States, Japan, and
other countries started earlier on the exoskeleton robot
researching, and they have developed some representa-
tive prototypes. In contrast, it started relatively late
in China, and most of the research on power-assisted
lower limb exoskeleton robots is still in the experimen-
tal stage.

Structure design and human-machine coupling are in-
separable from inverse kinematics. Various inverse kine-

matics algorithms should be optimized to improve the
calculation accuracy and ensure that the lower limb ex-
oskeleton robot provides power without hindering the
wearer’s activities. In the future, titanium alloy materi-
als, high-strength fiber materials, and new polymer ma-
terials should also be used to design the power-assisted
lower limb exoskeleton robots to solve the problem of
lightweight design. At the same time, the emerging flex-
ible lower limb exoskeleton robot will further improve
the degree of human-machine coupling.

The choice of driving mode is very important for the
research of exoskeleton robots. Each of the four driv-
ing modes has its own advantages and disadvantages.
For the power-assisted lower limb exoskeleton robot,
motor driving is the most used, which not only has low
noise and no pollution, but also meets the requirements
of lightweight design. The high-torque-density micro
direct-drive motor with lightweight, large torque, and
no need to cooperate with reducer is the development
direction of the driving method in the future.

In terms of perception technology, physical sensors
mostly use angle sensors and force sensors, and biosen-
sors mostly use EMG sensors. Highly integrated micro-
sensors will become the development direction of ex-
oskeleton robot sensing technology, which can not only
reduce the number of sensors and simplify the exoskele-
ton robot system, but also improve accuracy and envi-
ronmental adaptability.

In the choice of control method, the early master-
slave control and ZMP control have gradually tran-
sitioned to sensitivity amplification control, but this
method will amplify interference. There are also a few
exoskeleton robots that choose human-machine interac-
tion force feedback control and electromyography con-
trol, but there is a certain hysteresis and poor univer-
sality. Therefore, hybrid control should be the focus of
future research on power-assisted lower limb exoskele-
ton robots, which combines the advantages of multi-
ple control methods, while avoiding the shortcomings
of various control methods.

Energy management has always been a difficulty in
the key technology of exoskeleton robots. The battery
has low energy power density and takes a long charging
time, and the engine is noisy and polluting. At present,
the new fuel cell being developed is expected to solve
this series of problems.
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