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Abstract

The number of people with lower limb disabilities caused by stroke, traffic
accidents and work-related injuries is increasing sharply every year in
mainland China, and the corresponding number of rehabilitation therapists is
obviously insufficient. To solve this problem, domestic large hospitals have
introduced advanced lower limb rehabilitation robots from abroad. However,
such robots are expensive and the number of them cannot meet the needs of
patients. As a result, many universities and colleges in mainland China have
launched research on this issue. This paper collects and collates the research
literature, gives the mature and typical structure and control system design
scheme in mainland China, and lists some representative research results. Fi-
nally, the rehabilitation effect of these lower limb rehabilitation robots is
evaluated.
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1. Introduction

Aiming at the lower limb disability caused by various reasons such as stroke,
aging, traffic accidents, etc., the long-term lack of effective exercise of the limbs
of patients will lead to the reduction of blood circulation in joints and muscles,
the failure of blood to flow smoothly in tissues, and the decline of body resis-
tance, and then lead to various diseases, such as muscle atrophy, ligament
shortening, joint stiffness, or abnormal motion patterns [1] [2]. Medical theory
and clinical medicine have proved that for the limb disabled, on the one hand, it
is necessary to receive pre-operative treatment, just like that drug treatment, on
the other hand, still needs to use scientific limb training methods in order to

better restore the patient’s limbs to a better state. Therefore, correct and scien-
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tific rehabilitation training plays a very important role in the recovery and im-
provement of limb motor function [3].

At present, the traditional artificial rehabilitation therapy is mostly used in
clinic. This method consumes a lot of manpower, material resources, financial
resources and time, which is far from meeting the needs of most patients for re-
habilitation treatment. Therefore, there is an urgent need for a treatment
method that can replace traditional rehabilitation therapists.

Rehabilitation engineering is an integrated field of rehabilitation medicine and
robotics technology. By applying advanced robotics technology to rehabilitation
medicine, it can provide patients with assistant training or treatment equipment.
Rehabilitation robot is a comprehensive product applied in rehabilitation engi-
neering. Its research integrates many fields such as robotics, rehabilitation medi-
cine, ergonomics, computer science, and so on. It is a hot research direction in
the field of international robotics technology and has developed into an impor-
tant component of medical robots. Rehabilitation robots can be divided into two
types according to their functions: rehabilitation training type and rehabilitation
assistant type. At present, rehabilitation robot technology has been widely used
in rehabilitation treatment and rehabilitation nursing.

At present, most of the major hospitals in mainland China adopt lower limb
rehabilitation robots abroad, such as Lokomat [4] [5] in Switzerland and HAL
[6] [7] in Japan. They are sophisticated in technology, but expensive at the same
time. In order to solve this problem, domestic universities have begun to study.
Among them, the representative ones are Harbin Engineering University, Yan-
shan University, Shanghai Jiao Tong University and so on.

This paper collects and analyses the increasing domestic research literature on
lower limb rehabilitation robots. The second chapter mainly discusses the struc-
tural design of the existing lower limb rehabilitation robot in mainland China. In
the third chapter, the design scheme of the control system is studied. The fourth
chapter gives some representative examples of lower limb rehabilitation robots
in mainland China. Then the fifth chapter evaluates their rehabilitation effect.
Finally, the prospects for the development of lower limb rehabilitation robots in

mainland China are prospected.

2. Structural Design of Lower Limb Rehabilitation Robot

The lower limb rehabilitation robot mainly includes assistant training mecha-

nism and control systems.

2.1. Design Requirements of Lower Limb Rehabilitation Robot

As one of the rehabilitation equipment, the lower limb rehabilitation robot needs
to meet the following requirements:

1) Safety: Because lower limbs of hemiplegia and paraplegia patients caused by
stroke and other diseases lack effective movement for a long time, muscles atro-

phy, ligament shortening, joint stiffness or abnormal motion patterns appear.
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Therefore, the safety of the robot must be guaranteed first in the structural de-
sign. It includes the selection of appropriate materials to ensure structural
strength, reasonable structural design to ensure stiffness, as well as with limit
switches, emergency stop buttons and other safeguards.

2) Effectiveness: Lower limb rehabilitation robot should meet the rehabilita-
tion needs of patients, so that lower limbs of patients can be fully exercised and
muscle strength can be restored. Ultimately, it should be able to help patients
achieve the functions of standing, walking and so on.

3) Universality: As a commodity, lower limb rehabilitation robot should be
able to meet the needs of various users. It can be adjusted accordingly to main-
tain comfort for patients with different body shapes.

4) Economy: The purpose of domestic research on lower limb rehabilitation
robot is to alleviate the shortage of supply in the domestic market, and ulti-
mately make its price in a reasonable range. At the same time, the robot should

be made as beautiful and compact as possible.

2.2. Exoskeleton Structure Design

In mechanism design, the training of hip, knee and ankle joints of both lower
limbs should be realized. Based on the actual rehabilitation process of hemiple-
gia, two kinds of training methods, joint separation and joint compound exer-
cise, can be provided to meet the needs of different rehabilitation stages. We
should try our best to make the joint separation training of the robot meet the
training requirements of range of motion of the single joint of patients, realize
the whole range of motion of the single joint, and maintain the range of motion
of the joint. When spasm occurs, joint separation training can be used for inten-
sive training of spastic joints. Compound joint training is a comprehensive
training for lower limbs. It not only completes the training trajectory planned by
rehabilitation therapists according to the patient’s condition, but also hopes to
simulate walking training and reconstruct the normal walking pattern.
According to the needs of general rehabilitation training, three degrees of
freedom are allocated to the hip joint, one degree of freedom to the knee joint
and two degrees of freedom to the ankle joint. There are two methods to design
joint drive mechanism. One is driven by DC servo motor with screw-nut trans-
mission, the other is driven directly by motor. Among them, the former is mostly
used because it can provide larger torque. Limit switches are also needed to pre-
vent joint torsion from exceeding the limit of human activity. Length of thigh
and calf should be adjusted to meet the needs of patients with different height.
Because the standing and walking function of lower limbs of patients is par-
tially or completely lost, it is difficult to achieve standing balance with their own
strength. Therefore, the vertical exoskeleton lower limb rehabilitation robot is
often equipped with weight-reducing balance mechanism and medical treadmill.
Weight-reducing balance mechanism is generally composed of weight-reducing

bracket, height of gravity centre adjusting mechanism, safety handrails and pneu-
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matic springs. The height of gravity centre adjusting mechanism adopts paral-
lelogram mechanism, which can only move up and down in vertical direction.
This not only satisfies the change of gravity centre in the process of rehabilita-
tion training with exoskeleton, but also prevents hemiplegic patients from tilting
left and right in horizontal direction and moving forward and backward with
treadmill. The emergency stop switch can be installed on the safety handrail to en-
sure safety. The pneumatic spring can balance the weight of the exoskeleton and
reduce the vibration of the lower limb exoskeleton and the balance support module
while adapting to the change of the patients’ position in the vertical direction.

Medical treadmills are responsible for driving foot movements.

2.3. Foot Pedal Structure Design

The biggest difference between pedal-type lower limb rehabilitation robot and
exoskeleton-type is that its assistant training mechanism is pedal. They are con-
nected with the patient’s feet, and the rehabilitation training of hip, knee and
ankle joint is completed on vertical plane by driving feet. The training mecha-
nisms include the left leg and the right leg. The two sets of mechanisms are
completely symmetrical. The distance between the center of the mechanisms is
approximately the distance between the two hip joints of the human body, which
ensures that the lower limbs are trained on the vertical plane in the course of re-
habilitation. The left and right hip and knee joint change in inverse phase during
the reciprocating motion of the left and right leg mechanism.

The pedals are designed to couple left and right. Because they only contact
with the patient’s feet, they need to be fixed in order to avoid the side-shifting
and turning of the patient’s legs. Usually, the exoskeleton protective mechanism

is used.

3. Control System Design of Lower Limb Rehabilitation Robot

The design of the general control scheme of rehabilitation robot focuses on two
aspects: one is to ensure the high safety of the robot from the design of the con-
trol system; the other is to meet the requirements of rehabilitation training from
the clinical point of view.

The impedance control method is used in the design of the control system, which
allows the deviation of the trajectory when the force increases, and makes the robot
to have a certain degree of flexibility. Considering the intelligent control mode, the
adaptive performance of the system is increased. Sensors and other measuring ele-
ments are used to set the range of some key parameters in the training process.
Once the range exceeds the pre-set range, the training will be stopped immediately.

Limit switch and emergency stop button are used for multiple protection.

3.1. Components of Control System

The control system is mainly divided into central control system, human-computer

interaction system, sensor measurement system and motion control system. The
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central control system receives instructions from the human-computer interac-
tion system, transfers them to the motion control system, and modifies the in-
structions in real time according to the feedback information of the sensor

measurement system.

3.1.1. Central Control System
The central control system is responsible for managing the whole control system
and running the upper control algorithm.

There are generally two kinds of control methods for robotic systems: central-
ized control and hierarchical control. Centralized control means that all motor
control algorithms are implemented by a single computer, characterized by small
scale, high integration and high reliability, but the control program is complex
and real-time is not easy to guarantee; hierarchical control means that the con-
trol algorithm is accomplished on the upper computer, while the lower com-
puter generally uses multiple single-chip computers, each single-chip computer
only controls one motor in a closed loop, and communicates data and control
instructions with the upper computer through communication interface, which

is characterized by good real-time performance.

3.1.2. Human-Computer Interaction System

Human-computer interaction system is mainly used to set working mode and
set relevant parameters to show the effect of rehabilitation training. The hu-
man-computer interaction device is a touch screen, which is mainly used for
physicians to check and verify the clinical rehabilitation process, including
physiological parameters, muscle strength information, training intensity, speed
and other indicators. Patients can also view their own rehabilitation training ef-
fect through background data, choose their own training parameters, or choose
different virtual training environment in the process of rehabilitation training to
increase training interest and confidence. In the graphical human-computer in-
teraction interface, real-time training status information such as joint angle,
speed and moment collected synchronously from the sensor system in the train-
ing process can be displayed, so that patients or physicians can timely and intui-
tively understand the patient’s motion status, motion characteristics, motor

function level and rehabilitation level.

3.1.3. Sensor Measurement System

In order to accurately grasp the recovery of lower limbs during rehabilitation,
the robot and lower limbs are equipped with corresponding position sensors,
angle sensors and force sensors or with a motion capture system equipped with a
camera, so that therapists and patients can see the real-time changes of training
parameters during rehabilitation on the monitor and provide feedback data for

the central control system.

3.1.4. Motion Control System

Considering that the rehabilitation robot is in a low-speed state in the training
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process, the load of the robot is a patient with lower limb motor dysfunction,
and there will be great load changes in the training process. Therefore, the sys-

tem is driven by a torque motor and equipped with a servo motor controller.

3.2. Control Strategy

In order to train the lower limb joints and muscle strength, the rehabilitation
robot needs to drive the lower limbs to complete the pre-planned training tra-
jectory at a certain speed. The majority of patients with lower limb motor dys-
function will experience three stages in the rehabilitation process: paralysis,
spasm and recovery. Rehabilitation training needs to adopt different control
strategies to achieve the required training mode according to the rehabilitation
purpose of different stages.

According to the training needs of patients in different rehabilitation stages,
the robot control system should provide passive training, assistant training and
active training mode. For patients with severe illness, it is suitable to adopt pas-
sive training mode, follow the principle of clinical rehabilitation from proximal
joints (hip joints) to distal joints (ankle joints). Firstly, joint separation training
is carried out, and then coordinated training is carried out, so that all joints can
maintain the maximum range of motion. For patients with mild illness, the as-
sistant training mode or active training mode can be used to increase the muscle
strength and endurance of lower limbs and strengthen the coordinated move-

ment of the joints.

3.2.1. Passive Training

When implementing passive control, the trajectory of the end position of the
robot should be planned according to the training requirement of the limb joint.
Then the desired trajectory of the driving joint should be solved according to the
inverse kinematics analysis. The trajectory tracking control can be carried out
through the position controller to achieve the desired trajectory tracking [8] [9]
[10].

In the control system, each motor is an independent closed-loop servo system.
Considering the low speed of rehabilitation training, the load will change. The
most basic performance index of trajectory control is the stability of the system.
At the same time, the torque motor has the characteristics of low speed and
small torque fluctuation, so it can control the position of the motor closed-loop
servo system in a single closed-loop way.

With the prolongation of the course of disease, muscle strength changes
gradually, and abnormal movement patterns will appear in the rehabilitation
process, which will lead to great changes in the contact force between human
and robot, and make the actual training trajectory deviate from the pre-planned
trajectory. At this time, if the trajectory control method is used only, the contact
stiffness between human and robot will increase due to the position control
method, which will easily lead to secondary damage. In the course of training,

we should not only prevent the occurrence of accidents such as muscle strain

DOI: 10.4236/0jtr.2019.73006

97 Open Journal of Therapy and Rehabilitation


https://doi.org/10.4236/ojtr.2019.73006

Z.Lliu, D. M. Lu

and joint injury, but also ensure the safety and comfort of patients’ training.

3.2.2. Assistant Training

With the extension of rehabilitation training time, the muscle strength of lower
limbs gradually increased. When the lower limbs have certain initiative, but do
not have enough muscle strength to complete the active training, the assistant
training mode can be used for the lower limbs. When the lower limb exerts an
active force on the robot, the plantar contact force is detected by sensors, the
force variation is obtained and judged, and the patient’s active motion trend is
analysed. Given the desired current signal of the control system according to the
active movement trend, the motor works in the current loop control mode. It re-
alizes the control of the motor output torque, and completes the rehabilitation
training of the lower limbs and the motor providing part of the force to assist the

patients.

3.2.3. Active Training

The control system works in the active control mode, that is, using the lower
limbs to exert driving force on the robot, detecting the contact force between
human and robot by sensors, and converting the stiffness coefficient K into the
input signal of the control system, so that the robot can realize the active train-

ing mode needed in clinic.

4. Research Progress of Lower Limb Rehabilitation Robots
4.1. Harbin Engineering University

Harbin Engineering University is an early and mature institution for the study of
lower limb rehabilitation robots in mainland China. Its main research is the
horizontal foot pedal lower limb rehabilitation robot (see Figure 1, Figure 2)
[11] [12] [13] [14].

Compared with the exoskeleton lower limb rehabilitation robot, this robot

/ \
/7 N\
\
,fr;*"ﬂqi};‘:{
— NG = Force Sensor
/ Joint Driven
Platform Motor 3 Motor 1 for

Reciprocating Motion

Transmission Belt Joint Driven Motor 2

Figure 1. Principle diagram of horizontal foot pedal lower limb rehabilitation robot of
Harbin Engineering University.
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provides an additional active-passive training mode. Impedance control and
fuzzy control are adopted for the possible abnormal movement and spasm of the
lower limbs, which greatly reduces the possibility of secondary injury. However,
the force sensor and position sensor are located at the foot pedal, which cannot
effectively monitor the motion state of lower limb muscles in real time. At the
same time, although the horizontal platform provides a support structure for pa-
tients, it cannot really restore the human walking environment. Therefore, the
robot has a certain effect on restoring muscle strength of lower limbs, but it

cannot complete gait training.

4.2. Yanshan University

Yanshan University also belongs to mature domestic institution for the study of
lower limb rehabilitation robots is the sitting and horizontal exoskeleton lower
limb rehabilitation robot (see Figure 3) [15]-[21]. Its shape is similar to the tra-
ditional massage machine, and its structure is compact. The control system is lo-

cated in the box under the seat. The robot has a good human-computer interaction

Figure 2. Horizontal foot pedal lower limb rehabilitation robot of Harbin Engineering
University.

Figure 3. Experimental prototype of sitting and horizontal exoskeleton lower limb reha-
bilitation robot of Yanshan University.
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platform. Its advantage lies in the use of EMG signal acquisition card, which can
accurately monitor the motion intention of leg muscle groups in real time. The
effect of muscle strength recovery is obvious, but the effect of gait training is not

significant.

4.3. Tsinghua University

Tsinghua University, as the earliest Institute in mainland China to study lower
limb rehabilitation robot, has expanded its research direction from the original
horizontal foot pedal lower limb rehabilitation robot similar to bicycle principle
to the exoskeleton lower limb rehabilitation robot with weight-reducing balance
frame (see Figure 4). It is similar to Lokomat of Hocoma (Switzerland), and has
obvious effect on patients’ gait recovery training. But its disadvantage is that in
order to solve the problem that the position control algorithm lags behind the
actual position, the position control is only used in the swing phase, which will
cause slippage between the sole of the foot and the conveyor belt of the medical
runway, and the frequent switch of the motor will lead to vibration [22] [23] [24]
[25].

4.4. Shanghai Jiao Tong University

Shanghai Jiao Tong University is also representative in the field of lower limb
rehabilitation robot research. Figure 5 is its vertical exoskeleton lower limb re-
habilitation robot [26] [27] [28]. The robot draws lessons from eLegs of Berkeley
Bionics Technology Company.

The robot gets rid of the restriction of the site, uses crutches to support most
of the body’s weight. The crutches take on the function of controlling the driving
mechanism. However, it lacks a sensing and measuring system, and can only be

used as an assistant robot. Its rehabilitation effect is poor.

Figure 4. Vertical exoskeleton lower limb rehabilitation robot of Tsinghua University.
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4.5. Harbin Institute of Technology

Figure 6 is Vertical exoskeleton lower limb rehabilitation robot of Harbin Insti-
tute of Technology. The robot also draws lessons from Lokomat. Its advantage is
that it replaces traditional PD control and adopts fuzzy adaptive control [29]
[30] to improve flexibility, and adds two degrees of freedom to the sole of the

foot to achieve heel landing first and toe landing later. The disadvantage lies in

Figure 5. Vertical exoskeleton lower limb rehabilitation robot of Shanghai Jiao Tong
University.

Figure 6. Vertical exoskeleton lower limb rehabilitation robot of Harbin Institute of

Technology.
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the lack of conveyor belts and the failure to simulate human normal gait [31]
[32].

5. Conclusions

In this paper, some research results of lower limb rehabilitation robots in
mainland China are summarized.

1) At present, most of the domestic researches on lower limb rehabilitation
robots are lower limb rehabilitation training robots, while the design require-
ments of lower limb rehabilitation assistant robots are more than those of the
former and lower limb rehabilitation assistant robots are not the main require-
ments, so the research content is less. The structural design direction of domes-
tic lower limb rehabilitation training robots is mainly horizontal foot pedal
lower limb rehabilitation robots and weight-reducing exoskeleton lower limb
rehabilitation robots.

2) In the design of control system, the central control system adopts hierar-
chical control. Force sensor, position sensor and angle sensor are commonly
used in sensor measurement system. The sole pedal type is equipped with posi-
tion sensor and force sensor at the pedal. The exoskeleton type is equipped with
angle sensors at each joint and force sensors at leg muscles. In the design of mo-
tion control system, there are two ways: screw-nut drive and direct drive. Be-
cause the servo motor does not need higher speed in passive control and needs
larger torque, most of them choose screw-nut drive. However, this method
needs complex conversion between motor rotation angle and leg rotation angle,
which will lead to larger control error, and this structure does not have reverse
drive. In terms of control strategy, the general lower limb rehabilitation robots
only include passive, active and assistant modes.

3) Through the analysis of the rehabilitation effect of horizontal foot pedal
lower limb rehabilitation robot and weight-reducing exoskeleton lower limb re-
habilitation robot, it is found that although the former is easy to achieve in de-
sign, it is inferior to the latter in gait training.

In summary, at present, the weight-reducing exoskeleton lower limb rehabili-
tation robot is more mature in domestic design and has better rehabilitation ef-
fect. In future research, researchers will focus on finding new materials and op-
timizing structures to reduce the weight of rehabilitation robots. On the other
hand, the feedback accuracy optimization of sensor measurement system and
the algorithm optimization of motion control system are also hot issues to be

solved urgently by researchers.
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