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Abstract. In this paper, a cable-driven body weight support gait training robot (C-BWSGTR) that provides
patients with partial body weight support as well as a kind of stable gait training driving force was designed;
this device enabled those patients to walk again. Firstly, the overall configuration of the C-BWSGTR was deter-
mined, and the structural composition and working principle of the robot were established. Secondly, the vector
algebra method was applied to carry out the kinematic analysis and establish the mathematical model of the
C-BWSGTR. The displacement of each cable during the patient gait training was also calculated. Thirdly, the
motion planning of the C-BWSGTR was carried out in stages, using the time–phase distribution relationship
based on an S-shaped speed curve. Meanwhile, the displacement, speed, and acceleration of each cable during
the patient gait training were calculated and corresponding change curves were generated. Finally, a position
servo composite control strategy for the C-BWSGTR was designed by analyzing the robot’s dynamic character-
istics of the forward channel transfer function. The simulation analysis and prototype experiment in this paper
verified that the designed composite position servo control strategy can meet the requirements of the system with
respect to stability and a fast response of the system to the loading command.

1 Introduction

With the intensification of population aging, the number of
patients with lower-limb movement disorders caused by fac-
tors such as body aging and diseases is increasing, especially
due to high-risk diseases such as stroke, which are likely to
cause hemiplegia and lead to motor dysfunction in the hu-
man body (Zhang et al., 2022; Li et al., 2021). With the
continuous development and improvement of rehabilitation
medicine, relevant clinical studies have shown that the hu-
man central nervous system has a high resilience and plas-
ticity (Dong et al., 2021; Sabapathy et al., 2022). For pa-
tients with lower-limb movement disorders caused by dis-
eases such as accidents and strokes, in addition to necessary
surgical treatment and drug treatment, scientific rehabilita-

tion training and treatment can effectively help patients re-
store their basic exercise ability (Hramov et al., 2021). There-
fore, as the crystallization of modern rehabilitation engineer-
ing technology, the body weight support gait training robot
(BWSGTR) has been highly anticipated by scientists and
medical workers and has gradually become a research hot
spot in the field of medicine and engineering (Hobbs and
Artemiadis, 2020; Ye et al., 2020).

According to the configuration classification of robots,
the BWSGTR can be roughly divided into exoskeleton and
end-effector robot types (Qassim and Wan Hasan, 2020).
The most famous exoskeleton robot is Lokomat (Jezernik
et al., 2003; van Kammen et al., 2016), developed by the
Swiss company Hocoma and the Balgnrist University Hos-
pital. The robot provides patients with a certain body weight
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support via a closed-loop feedback control, which can effec-
tively avoid the adverse effects of passive weight support on
patients. However, its body weight support system adopts a
single-cable suspension form; thus, it cannot effectively con-
trol the up and down movement of the body’s center of grav-
ity. Typical end-effector robots mainly include pedal-driven
and cable-driven robots.

The LOKOHELP, G-EO system, Anklebot and STRING-
MAN are all end-effector robots. The LOKOHELP trainer
(Zhang and Ban, 2019), developed by the German company
WOODWAY, is a typical pedal-driven robot. The robot drives
the patient to perform gait training via an exercise pedal-
driven mechanism, and it can stimulate the quadriceps recep-
tors at the same time, which is beneficial to reshape the cra-
nial nerve with respect to walking posture function. However,
because of the fixed trajectory of its motion pedal-driven
mechanism, the robot makes it impossible to adjust the walk-
ing posture according to different patient conditions. The G-
EO system uses a body weight support system and exercise
pedal-driven mechanism. The body weight support system
provides the patient with body weight support through shoul-
der suspension and real-time control of the patient’s center
of gravity. The exercise pedal-driven mechanism controls the
patient’s gait trajectory during gait training in real time and
can adjust the gait trajectory to simulate the training environ-
ment, such as flat walking or climbing stairs. However, the G-
EO system gait corrector is directly fixed to both feet, and the
degree of freedom (DOF) of the ankle joint rotation is can-
celed; therefore, the training trajectory is quite different from
an actual human gait trajectory. The Massachusetts Institute
of Technology has developed a lower-limb pedal-driven end-
effector rehabilitation robot named Anklebot. Patients place
their lower limbs on the traction device of the robot, and the
robot simulates the movement of the human ankle through a
motor drive system so as to achieve traction and promotion
of patients’ lower limbs for rehabilitation training. However,
Anklebot is a rigid rehabilitation training robot with passive
training. The STRING-MAN (Surdilovic et al., 2007; Wang
et al., 2018), developed by the Fraunhofer Institute in Ger-
many, is a typical cable-driven robot. This robot is composed
of a posture control cable-driven mechanism and an auto-
matic body weight support cable-driven mechanism that en-
sure the safety and effectiveness of the system during the
training process. However, it is difficult to operate due to
its complex control system. The multi-robot concept (Tuci et
al., 2018; Park et al., 2017) was developed by Harvard Uni-
versity. The system consists of a cable-driven mechanism and
a walking mechanism. A tracking test of the system’s motion
performance showed that this system can achieve excellent
rehabilitation training effects. However, limited by the size
of the patient’s lower limbs, it had a much narrower applica-
tion than expected.

Because the cable-driven parallel mechanism offers dis-
tinct advantages, including minimal transmission vibration
(Zou et al., 2022), low motion inertia (Chen et al., 2019; Song

et al., 2023), a high load /mass ratio (Niu et al., 2017), and
a large working space (Wang et al., 2021; Zou et al., 2019),
it is not easy to cause reinjury to the affected limb during the
training process. Therefore, it is very suitable for the rehabil-
itation of patients with limb movement disorders (Ghrairi et
al., 2023). The BWSGTR is a new type of rehabilitation robot
that organically combines a cable-driven parallel mechanism
and a rehabilitation training robot (Barbosa et al., 2018).
Compared with the traditional rehabilitation training mode,
it has the advantages of high flexibility, high precision, and
high intelligence. It can provide patients with scientific and
effective training and help them restore their normal gait and
walking ability (Tang, 2014). Therefore, a cable-driven body
weight support gait training robot (C-BWSGTR) is designed
for the practical needs of patient rehabilitation training. It can
simulate the normal law of movement with respect to the cen-
ter of gravity and gait trajectory, and it can provide patients
with a certain body weight support and a suitable and stable
walking driving force, thereby helping patients to recover a
certain walking ability.

The current rehabilitation training robots often lack flex-
ibility due to the use of rigid exoskeletons and pedal mech-
anisms. However, the C-BWSGTR abandons the exoskele-
ton and pedal mechanisms, instead using cables and support-
ing wearable devices to provide a comfortable user environ-
ment, and it controls the end-effector and the cable-driven
parallel mechanism through the gait training system to pro-
vide patients with a variety of training walking postures and
an appropriate gait size and stable gait driving force during
rehabilitation. Single-cable-driven body weight support is
widely used in rehabilitation robots, but using double-cable-
driven body weight support, as used by the C-BWSGTR,
can achieve better therapeutic results. Double-cable-driven
body weight support can provide a finer and more control-
lable treatment effect with a wider adjustment range, which
is suitable for more strict and complex treatment needs. It can
also improve the stability and safety of the robot, thereby ef-
fectively reducing the accidental injury of patients during the
treatment process and improving the success rate and safety
of treatment.

The rest of this paper is organized as follows: Sect. 2 gives
a brief overview of the structure and characteristics of the
C-BWSGTR; Sect. 3 illustrates the kinematic analysis of the
C-BWSGTR; Sect. 4 outlines the motion planning of the C-
BWSGTR and the influence of different time–phase distri-
bution relationships on the gait trajectory of the lower limb
undergoing rehabilitation; Sect. 5 establishes the control sys-
tem model of the C-BWSGTR and verifies the effectiveness
of the position servo composite control strategy via simula-
tion analysis; Sect. 6 presents the prototype experiment used
to compare and analyze the feasibility of the robot to achieve
rehabilitation training; and conclusions are drawn and further
work is forecasted in Sect. 7.

Mech. Sci., 14, 413–427, 2023 https://doi.org/10.5194/ms-14-413-2023



T. Qin et al.: Motion planning and control strategy of a cable-driven gait training robot 415

2 Configuration design

Relevant studies have shown that the collaborative work
of a body weight support system and gait training system
can improve patients’ gait quality, improve gait coordination
and consistency, and increase patients’ self-confidence dur-
ing gait rehabilitation training. The proposed C-BWSGTR
consists of a body weight support system and gait training
system, as shown in Fig. 1. The body weight support sys-
tem is mounted on the top of the weight frame, which has
two motors that drive bilateral cables to control the move-
ment of the body’s center of gravity. During gait rehabilita-
tion training, the patient wears a body weight support vest
and some wearable bandages. The body weight support sys-
tem provides partial body weight support for the patient via
double-shoulder-cable suspension. It can reduce the pressure
on the joints of the patients’ lower limbs and the pain experi-
enced by patients during gait rehabilitation training. The gait
training system contains two sets of 1R2T (one rotation and
two translation) parallel cable-driven mechanisms. The uni-
lateral 1R2T mechanism, containing four drive units, can re-
alize movement of the lower limb with 3 DOFs in the sagittal
plane. It provides the patient with a suitable and stable driv-
ing force for walking and helps patients more successfully re-
cover their normal gait, avoid an irregular and uncoordinated
gait, and reduces patient discomfort during gait rehabilitation
training by unifying the rhythm and rule of gait.

The body weight support system and the gait training sys-
tem working together can maximize the promotion of pa-
tients’ rehabilitation, which can not only improve the effect
of rehabilitation training but also reduce the risk of rehabili-
tation training and ensure the safety and effectiveness of pa-
tient’s gait rehabilitation training.

The characteristics of the C-BWSGTR designed in this pa-
per are as follows:

1. It conforms to the normal laws of motion for the human
body with respect to walking. The body weight support
system uses two motors on both sides to independently
control the position of the center of gravity as well as the
up and down movement of the human body while the
gait training system simulates the normal gait trajectory
of the human body through the parallel structure of two
sets of 1R2T cables.

2. It has a larger workspace. Because the robot adopts the
form of cable transmission, it has a larger working space
than the rigid parallel robot.

3. It has a variety of rehabilitation modes. The robot can
choose both active and passive training modes accord-
ing to different rehabilitation stages and rehabilitation
needs.

4. It is of great convenience to operate. Both the body
weight support system and the gait training system are

of modular design, which makes the layout of the drive
unit more convenient to change. Thus, the size of the
working space and the related performance of the robot
can be changed accordingly to realize convenient trans-
formation of the space configuration and the plane con-
figuration.

3 Kinematics modeling

The walking motion of the human body is characterized by
periodicity and symmetry. In the process of moving forward,
the feet are alternately in contact with the ground. Therefore,
when analyzing the kinematics of the robot, only one gait cy-
cle on one side is studied (DeLisa, 1998; Nixon et al., 2005).
As the patient’s gait training is all performed in the sagittal
plane, it is necessary to analyze the 3 DOFs of movement in
the sagittal plane, including one rotational motion and two
translational motions. The inverse kinematics and forward
kinematics of the robot are analyzed using the vector alge-
bra method and the iterative method, respectively.

3.1 Inverse kinematics modeling of the C-BWSGTR

A schematic diagram of the mathematical model of the C-
BWSGTR is shown in Fig. 2. The fixed rectangular coor-
dinate system of the model is set as o, x, and y; the local
coordinate system of the moving platform is Pxpyp; and
θ is the angle between the fixed platform and the mov-
ing platform in the coordinate system. The coordinates of
the cable drive unit in the global coordinate system are
M1(−a,−b),M2(a,−b),M3(a,b),M4(−a,b), andM5(0,c)
in the fixed coordinate system, respectively. The coordinates
of the tow point Pi(i = 1,2,3,4,5) in the moving coordinate
system are P1(−e,−f ), P2(e,−f ), P3(e,f ), P4(−e,f ), and
P5(−g,h).

Assuming that the pose of the moving platform is
P (x,y,θ ), and the coordinate of point Pi in the moving coor-
dinate system is (Xpi,Ypi), the coordinates of the connection
point Pi on the moving platform in the global coordinate sys-
tem are as follows:[
xpi
ypi

]
=

[
x

y

]
+

[
cosθ −sinθ
sinθ −cosθ

][
Xpi
Ypi

]
. (1)

Let Li = P iM i be the vector of the cable in the direction
from point Pi to connection point Mi . Let li = ‖Li‖ be the
length of the cable i, let ui = Li/li be the unit vector in the
direction of the cable i, and r i = PPi . According to the geo-
metric vector closure principle, the lengths of the five cables
are expressed as follows:

l=
[
l1 l2 l3 l4 l5

]T
. (2)

In Eq. (2), li =
√(
Mix − xpi

)2
−
(
Miy − ypi

)2.

https://doi.org/10.5194/ms-14-413-2023 Mech. Sci., 14, 413–427, 2023



416 T. Qin et al.: Motion planning and control strategy of a cable-driven gait training robot

Figure 1. Overall configuration of the C-BWSGTR.

Figure 2. Mathematical model of the C-BWSGTR.

3.2 Forward-kinematics modeling of the C-BWSGTR

As Eq. (2) is a nonlinear equation system, there is sometimes
no equation for finding the root, and the approximate solu-
tion of the cable length is solved by a numerical calculation
method. As a result, the Newton–Raphson iteration method
is applied to solve Eq. (2).Using this method, a target point as

close as possible to the initial value of iteration is selected.
The selected target point is then substituted into the equa-
tion for layer-by-layer iteration, and an approximate solution
within the error tolerance is finally obtained.

Expanding Eq. (2), the equations containing the three un-
knowns x, y and θ of the pose of point P can be obtained:

Fi(X)=
(
xpi −Mix

)2
+
(
ypi −Miy

)2
− l2i

= 0 (i = 1,2,3,4,5). (3)

Using the Newton–Raphson iteration method, the matrix
equation can be obtained:

JNRδXK =−F(X). (4)

Here, JNR is the Newton–Raphson Jacobian matrix:

F(X)=
[
F1(X) F2(X) F3(X) F4(X) F5(X)

]T
JNR =


∂F1
∂x

∂F2
∂x

∂F3
∂x

∂F4
∂x

∂F5
∂x

∂F1
∂y

∂F2
∂y

∂F3
∂y

∂F4
∂y

∂F5
∂y

∂F1
∂θ

∂F2
∂θ

∂F3
∂θ

∂F4
∂θ

∂F5
∂θ

 .
The general equation for the iterative solution is as fol-

lows:

δXK =−J+NRF(X), (5)

where −J+NR =
(
JT

NRJNR
)−1JT

NR is the pseudo-inverse of the
Jacobian matrix of JNR.

3.3 Kinematics simulation of the C-BWSGTR

In order to understand the motion performance of the C-
BWSGTR intuitively, a kinematic simulation of the M func-
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Figure 3. Length change curves of the five cables.

tion written in MATLAB was carried out, and the displace-
ment of each cable during gait training was calculated. To
do so, a set of motion trajectories of a normal human walk-
ing gait were selected, and the actual design parameters of
the robot were set as follows: a = 300 mm, b = 150 mm,
c = 900 mm, e = 40 mm, f = 50 mm, g = 80 mm, and h=
40 mm. Those parameters were substituted into the derived
kinematic equation (Eq. 2). The kinematics of the robot were
simulated and analyzed by writing the M function. The cor-
responding cable length change curves of the five cables of
the moving platform are shown in Fig. 3.

As shown in Fig. 3, the length of cables 1 and 2 varies be-
tween 200 and 550 mm, the length of cables 3 and 4 varies
between 225 and 475 mm, and the length of cable 5 varies
between 540 and 565 mm. According to various standard in-
dicators of the human body and the initial position, the nor-
mal stride length on a treadmill is determined to be between
700 and 1000 mm (Lim et al., 2017), and the range of the
cable displacement is determined accordingly. Specifically,
within a normal gait cycle, when the right foot moves for-
ward and reaches its maximum distance, the displacement of
cables 1 and 4 will reach a maximum, whereas the displace-
ment of cables 2 and 3 will reach a minimum. This range
reflects the requirement for cable stretching and contraction.
The displacement of cable 5 represents the vertical change in
the center of mass in the sagittal plane. For example, within
a normal gait cycle, the range of the center of mass change
is 25 mm based on the initial conditions with respect to the
person’s height and standing position. Within one cycle, the
center of mass fluctuates up and down, with a distance of
25 mm between the lowest and highest points. The length
change curves of cables 1 and 2 and of cables 3 and 4 are
all continuous and smooth, and the amplitude range is basi-
cally the same. However, there is a certain time lag caused by

Figure 4. Diagram of the time–phase distribution.

the symmetry between the cable and the regular movement of
the moving platform.

4 Motion planning

As the robot needs to drive the patient to perform rehabilita-
tion training by simulating normal human walking, it is nec-
essary to carry out motion planning for the C-BWSGTR for
different rehabilitation training tasks. The main aim is to de-
termine the displacement, velocity, and acceleration of each
cable through kinematics theory according to the rehabilita-
tion training task and the constraints of the external environ-
ment. The relationship between these variables and time is
expressed by a functional relationship.

4.1 Gait cycle analysis

As shown in Fig. 4, a gait cycle is the time from heel land-
ing to heel landing again on the same side. A gait cycle in-
cludes two stages: the support phase and the swing phase.
The support phase represents the contact and bearing period
between the sole and the ground, which accounts for 60 % of
the whole gait cycle. The swing phase represents the period
in which the sole of the foot leaves the ground and swings
forward, accounting for 40 % of the total gait cycle.

Therefore, in this paper, the initial study selected λ=

60 %, which was consistent with the normal gait law. Gen-
erally speaking, the proportional distribution of the support
phase and the swing phase does not change according to the
different body characteristics of the person. In the gait cy-
cle of patients with lower-limb movement disorders, due to
weakening muscle strength and deterioration of the control
ability, the swing phase time will become longer in order to
ensure the stability of the body’s center of gravity; therefore,
we selected λ= 50 %. This adjustment increases the swing
phase time and reduces the swing amplitude and speed of
patients with lower-limb movement disorders.
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Figure 5. The S-shaped speed curve.

4.2 Motion planning method for the C-BWSGTR

Due to the influence of motion inertia, when the swing phase
(SWP) and the stand phase (STP) alternate, the support force
of the ground on the human body is greater than the human
body’s gravity at that moment, increasing the possibility of
causing injury to the affected limb and, thus, affecting the
stability and safety of the gait training. Therefore, when plan-
ning the motion of the C-BWSGTR, it is necessary to en-
sure that the acceleration during the alternating SWPs and
STPs are equal, thereby ensuring the stability and safety of
the training process.

As shown in Fig. 5, the S-shaped speed curve can con-
trol the rate of change in acceleration; the acceleration curve
is continuous and the speed connection is smooth, thereby
avoiding the impact force and inertia force generated dur-
ing the alternation of the SWPs and STPs during walking
and improving the stability and safety of the training process
(Luo et al., 2021; Li et al., 2017). Therefore, the motion plan-
ning of the robot is designed based on the S-shaped speed
curve and the time–phase distribution relationship. First, a
complete gait cycle is divided into SWPs and STPs. These
phases are then planned separately according to the move-
ment characteristics and task requirements of each phase. Fi-
nally, multiple independent stage plans are combined to form
a complete motion plan. With respect to the analysis of the
S-shaped velocity curve, its velocity expression is shown in
Eq. (6), and the displacement and acceleration expressions
can be obtained by integrating and differentiating the veloc-
ity expression, respectively, on the basis of Eq. (6).

As seen from Fig. 5, vmax is the maximum velocity of the
S-type velocity curve; vstr is the initial velocity of the S-type
velocity curve; amax is its corresponding maximum accelera-
tion; and J is defined as the jerk, which is the differential be-

tween acceleration and time, and its expression is J = da/dt.

v(t)=



vstr+
1
2J (t − t0)2, t0 ≤ t ≤ t1

v1+ amax(t − t1), t1 ≤ t ≤ t2

v2+ amax(t − t2)−
1
2
J (t − t0)2, t2 ≤ t ≤ t3

v3, t3 ≤ t ≤ t4

v4−
1
2
J (t − t4)2, t4 ≤ t ≤ t5

v5− amax(t − t5), t5 ≤ t ≤ t6

v6− amax(t − t6)+
1
2
J (t − t6)2, t6 ≤ t ≤ t7

(6)

4.3 Motion planning simulation for the C-BWSGTR

Due to differences in patients’ sex and height, the proportions
of the SWPs and STPs are different as well. Assuming that
the proportion of the patient’s STP in the gait cycle is λ, the
proportion of the SWP is 1−λ. We take the respective values
of λ= 50 % and λ= 60 % as examples for motion planning.
The robot motion planning program is written using MAT-
LAB, in which the initial and constraint conditions of each
cable are set. The simulation calculates the change curves
for the displacement, velocity, and acceleration of each cable
during one gait cycle, as shown in Figs. 6, 7, and 8, respec-
tively, for a patient with respective gait cycle proportions of
λ= 50 % and λ= 60 %.

It can be seen from Figs. 7 and 8 that the speed and ac-
celeration of cables 1–4 are 0 mms−1 when the SWP and the
STP alternate, which avoids the impact generated when the
SWP and STP alternate; this ensures the stability and safety
of training process. At the same time, as the motion planning
of the C-BWSGTR follows the principle of stages, differ-
ent time–phase distribution relationships can be realized by
changing the value of λ, which is suitable for the actual time–
phase distribution relationship needs of patients in different
rehabilitation stages.

In order to verify whether the motion trajectory of the
lower limb after the motion planning meets the actual reha-
bilitation training requirements, the displacement of each ca-
ble obtained by the motion planning in Fig. 6 is substituted
into the inverse kinematics Eq. (2), and the planned motion
trajectory of the lower limb of the human body is obtained
by MATLAB programming. The results are shown in Fig. 9.

As shown in Fig. 9, compared with the lower-limb mo-
tion trajectory obtained by the motion planning using a STP
of λ= 50 % and a STP of λ= 60 %, the hip joint displace-
ment decreases by 10.9 % in the X direction and by 10.1 %
in the Y direction, the knee joint displacement decreases by
9.6 % in X direction and by 10.3 % in Y direction, and the
ankle joint displacement decreases by 10.1 % in X direction
and by 10 % in Y direction. The planned gait trajectory con-
forms to the normal human gait trajectory and also verifies
the correctness of the kinematics and dynamics modeling of
the robot.
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Figure 6. The displacement curves of the cables: (a) the displacement curve of the cables when the STP is λ= 50 %; (b) the displacement
curve of the cables when the STP is λ= 60 %.

Figure 7. The speed change curves of the cables: (a) the speed change curves of the cables when the STP is λ= 50 %; (b) the speed change
curves of the cables when the STP is λ= 60 %.

5 Control strategy

The C-BWSGTR is a symmetrical structure; in this structure,
the body weight support system consists of two sets of drive
units with the same characteristics to provide partial body
weight support for the patient, and the gait training system
consists of eight sets of drive units with the same character-
istics to provide patients with an appropriate driving force for
walking.

5.1 Drive unit modeling of the C-BWSGTR

With respect to the composition and structure of the robot
driving unit shown in Fig. 2, the driving unit mechanistic
model of the C-BWSGTR is shown in Fig. 10 and the pa-
rameter table of the drive unit of the C-BWSGTR is shown
in Table 1 (i = 1 is the value of the body weight support sys-
tem and i = 2 is the value of the gait training system). It is of
great necessity to reasonably simplify the model. Therefore,

the variable stiffness mechanism is simplified as a “mass-
spring” model and the cable is simplified as a “mass-spring-
damper” model. This simplification of the models results in
the following:

1. By simplifying the variable stiffness mechanism into a
mass-spring model, the spring stiffness reflects the in-
ternal stiffness change in the mechanism, whereas the
mass block represents the controlled object. In this way,
we can use the adjustment method based on spring stiff-
ness to realize control of the whole variable stiffness
mechanism. This simplified technique minimally influ-
ences the overall model and selects the parts that are not
suitable for modeling in the whole experiment process;
this can reduce the complexity of the system and the
difficulty of the model and, thus, help to optimize and
adjust key parameters.

2. By simplifying the cable into a mass-spring-damping
model, the spring is used to simulate the elastic prop-

https://doi.org/10.5194/ms-14-413-2023 Mech. Sci., 14, 413–427, 2023
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Figure 8. The acceleration curves of the cables: (a) the acceleration curves of the cables when the STP is λ= 50 %; (b) the acceleration
curves of the cables when the STP is λ= 60 %.

Figure 9. Lower-limb movement trajectory of λ= 50 % and λ=
60 %.

erties of the cable, whereas the damping represents the
impact of friction and shear forces in the cable on the
motion. The whole model can accurately simulate the
dynamic characteristics of the cable in the process of
force transfer and realize precise control of the system
motion state. The simplified part will produce certain
tracking errors, but such changes have no influence on
its change trends. This simplified method has impor-
tant guiding significance for the application of cables
in mechanical control and is helpful for structural op-
timization, control parameter adjustment, and perfor-
mance improvement. Without simplification, modeling
the entire experiment becomes unwieldy, computation-
ally intensive, and inefficient.

5.2 Dynamic characteristics analysis of the forward
channel

According to the mechanistic model of the robot drive unit
shown in Fig. 10, the block diagrams of the open-loop mod-
els of the body weight support system and the gait training
system are obtained as shown in Figs. 11 and 12.

According to Figs. 11 and 12, the forward channel trans-
fer functions of the body weight support system and the gait
training system are as follows:

G1(s)=
Y1(s)
U1(s)

=
Cm1MK1r1s

2
+Cm1K1r1

a1s5+ a2s4+ a3s3+ a4s2+ a5s
, (7)

where

a1 =M1MK1L1r
2
1 +MK1Jm1L1+ 4M1Jm1L1

a2 =M1MK1R1r
2
1 +MK1Bm1L1+ 4M1Bm1L1

+MK1Jm1R1+ 4M1Jm1R1
a3 = Ce1Cm1MK1+ 4M1Ce1Cm1+M1K1L1r1

+ Jm1K1L1+MK1Bm1R1+ 4M1Bm1R1
a4 =M1K1R1r

2
1 +Bm1K1L1+ Jm1K1R1

a5 = Ce1Cm1K1+Bm1K1R1;

G2(s)=
Y2(s)
U2(s)

=
Jm2L2K2s

2
+Bm2L2K2s+Ce2Cm2K2

b1s4+ b2s3+ b3s2+ b4s+ b5
, (8)

where

b1 = Ce2R2M2MK2r2

b2 = Ce2R2M2B2r2

b3 = Ce2R2M2K2r2+Ce2R2MK2K2r2

b4 = Ce2R2K2B2r2

b5 = Ce2R2K2B2r2.
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Figure 10. Mechanistic model of robot drive unit.

Table 1. Nominal parameters of the robot drive unit. Note that EMF refers to electromotive force in the table.

Category Armature Armature Back-EMF Moment Viscous friction Moment of
resistance inductance coefficient constant coefficient inertia

Parameter Ri Li Cei Cmi Bmi Jmi

Unit � H V (rad s−1)−1 N m A−1 N m s rad−1 kg m−2

Value
i = 1 5 0.008 3.82 3.15 0.0106 0.027

i = 2 0.6 0.0006 0.917 2.5 0.0106 2.57

Category
Pulley Variable stiffness Spring Cable Cable Cable
radius mechanism mass stiffness mass stiffness damping

Parameter ri MKi Ki MKi Ki Bi

Unit m kg m−1 N s−1 kg m−1 N m−1 N s m−1

Value
i = 1 0.035 1 5× 103

i = 2 0.02 0.036 2× 105 30
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Figure 11. Block diagram of the drive unit of the body weight support system.

Figure 12. Block diagram of the drive unit of the gait training system.

Substitute the actual parameters of the system in Table 1
into Eqs. (7) and (8) and arrange them as follows:

G1(s)=
0.67(s2

+ 5000)
s(s+ 615)(s+ 9.19)(s2+ 0.522s+ 63.4)

, (9)

G2(s)=
51902(s2

+ 0.004125s+ 1487)

(s2+ 1.197s+ 1.197)(s2+ 832.2s+ 9.281× 106)
. (10)

It can be seen from Eq. (9) that the numerator of the for-
ward channel transfer function of the body weight support
system is a second-order differential element, and the de-
nominator consists of an integral element, two first-order in-
ertia elements, and a second-order oscillation element. The
gain is KG1 = 0.67; the turning frequencies of the two first-
order inertial elements are ωG1d1 = 615 rad s−1 and ωG1d2 =

615 rad s−1, respectively; and the denominator contains an
integral term, which is a typical I-type system.

It can be seen from Eq. (10) that the numerator of the
forward channel transfer function of the gait training sys-
tem is a second-order differential link, and the denomina-
tor is composed of two second-order oscillation links. The
gain is KG2 = 51902; the natural frequency of the second-
order differential link is ωG2n1 = 38.56 rad s−1; the damp-
ing ratio is ζG2n1 = 0.0001; the natural frequencies of the
second-order oscillation link are ωG2d1 = 1.09 rad s−1 and
ωG2d2 = 3046.47 rad s−1, respectively; and the damping ra-
tios are ζG2d1 = 0.5470 and ζG2d2 = 0.1366, respectively.
There is no integral term in the denominator, which is a typ-
ical 0-type system.

As shown in Fig. 13a, in the low-frequency band, the am-
plitude of the body weight support system is slightly atten-
uated. The phase–frequency response presents a lag char-
acteristic, and the system phase lags about 6.87◦ at 1 Hz.
In the middle-frequency band, there is a resonance peak
in the amplitude–frequency curve, and the lag degree of
the phase–frequency response is intensified. In the high-
frequency band, the magnitude of the attenuation becomes
weaker. As shown in Fig. 13b, in the low-frequency band,
the amplitude of the gait training system has an overall
lead, whereas the phase–frequency characteristics slightly
lag. The cutoff frequency of the system is ωc = 2.95 rad s−1,
and the phase angle margin is γ = 25.2◦. In the middle-
frequency band, the resonance peak phenomenon appears in
the amplitude–frequency curve, and the lag degree of the
phase–frequency response is intensified. As a consequence,
the system cannot meet the needs of actual rehabilitation
training due to its poor dynamics, which makes it necessary
to take corresponding measures to deal with this problem.

5.3 Position servo composite control strategy for the
C-BWSGTR

The composite control strategy of the designed robot posi-
tion servo is shown in Fig. 14, which is mainly composed of
a PID (proportional–integral–derivative) correction link and
a local differential correction link. The main feedback con-
troller adopts integral control, which is applied mainly to im-
prove the steady-state accuracy of the system. The local dif-
ferential correction link is mainly used to compensate for the
lack of dynamic quality of passive objects.
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Figure 13. Frequency characteristic curve of the forward channel of the position servo system: (a) frequency characteristic curve of the body
weight support system; (b) frequency characteristic curve of the gait training system.

Figure 14. The principle of the robot position composite control
strategy.

In order to illustrate the effect of the designed robot po-
sition servo composite control strategy on improving the ra-
pidity and stability of the system response, according to the
principal block diagram of the robot position servo compos-
ite control strategy in Fig. 14, the cable displacement curve
(Fig. 6) obtained by motion planning is used as the system’s
input signal, and a simulation analysis of two consecutive
gait cycles is performed in MATLAB.

The response curve of the body weight support system is
shown in Fig. 15 for kp = 68, ki = 1.3, kd = 45, and kpi =
89; the amplitude error in the system before and after cor-
rection is about 2.4 %, the phase lag is about 1.8◦, and the
adjustment time is about 1.4 s. The response curve of the gait
training system is shown in Fig. 16 for kp = 235, ki = 3.2,
kd = 16, and kpi = 18.4; the amplitude error in the system
before and after correction is about 0.2 %, the phase lag is
about 1.7◦, and the adjustment time is about 0.3 s. The simu-
lation results show that the designed position servo compos-
ite control strategy can improve the dynamic performance of
the system loading and meet the system’s tracking require-
ments with respect to the rapidity and stability of the position
command.

Figure 15. Response curve of the position servo control of the body
weight support system.

6 Prototype experiment

To demonstrate the effectiveness of the proposed motion
planning and control strategy, the prototype experimental
platform of the gait training system is built as shown in
Fig. 17. This experimental platform is composed of a man–
machine interface, a fixed frame, one treadmill, eight drive
units of the gait training system (motor mode MG8016v1,
Shanghai Lingkong Technology Co., Ltd), eight pull-wire
sensors (model HPS-M1-20-5V-F, Hongxuan Co., Ltd), and
wearable bandages and cables. The left and right drive units
are installed at the intersection of the crossbeam of the rack
and the sagittal plane of the affected limb to ensure that the
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Figure 16. Response curve of the position servo control system of the gait training system: (a) system response curve of drive unit 1;
(b) system response curve of drive unit 2; (c) system response curve of drive unit 3; (d) system response curve of drive unit 4.

four cables on each side are in the same plane as the lower
limb requiring rehabilitation. At the same time, each drive
unit is equipped with a pull-wire sensor to monitor and feed-
back the displacement of each cable in real time, so as to
achieve gait rehabilitation training using complex lower-limb
multidirectional position servo composite control in space.
Two sets of 1R2T cable-driven parallel mechanisms are used
to pull the wearable leg bandages in order to drive the lower
limb for gait rehabilitation training.

The prototype experiment was conducted by employing
the position servo composite control strategy with a healthy
subject. The weight and height of the subject were 62 kg and
170 cm, respectively. The actual responses of each drive unit,
including two cycle steps, are shown in Fig. 18: the solid line
represents the actual experimental curves and the dotted line
represents the desired target curves. The actual running effect
and tracking curves indicate that the designed position servo
composite controller has good tracking performance and can
meet the requirements of the system with respect to stabil-
ity and a fast response to the loading command. The motion
planning method can be applied to the rehabilitation needs of

the actual phase distribution relationship of patients in differ-
ent rehabilitation stages. Moreover, the position servo com-
posite control strategy can meet the requirements of normal
gait rehabilitation training.

7 Conclusions

A cable-driven body weight support gait training robot is
designed to help provide patients with partial body weight
support and a stable walking driving force, thereby assisting
them with normal gait rehabilitation training. The main high-
lights of this work are as follows:

1. A kinematic model of the robot was implemented using
the vector algebra method, and the displacement of each
cable during the patient’s gait training was calculated.

2. Based on an S-shaped velocity curve, the motion plan-
ning of the robot was carried out using a time–phase
distribution relationship, and the variation curves of
the displacement, velocity, and acceleration of each ca-
ble during training were solved. The simulation results
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Figure 17. Prototype experimental platform of the gait training system.

Figure 18. The response curves of the position servo control system of the gait training system are obtained from the experimental data:
(a) system response curves of drive unit 1; (b) system response curves of drive unit 2; (c) system response curve of drive unit 3; (d) system
response curves of drive unit 4. The error curves are the experimental curve after subtracting the filter from the target curve.

show that the rehabilitation training needs of differ-
ent time–phase distribution relationships can be met by
changing the value of λ.

3. By analyzing the dynamic characteristics of the trans-
fer function of the forward channel of the robot, a com-
posite position servo control strategy was designed. The

simulation analysis verified that the designed controller
can meet the requirements of the robot system with re-
spect to stability and a fast response to the loading com-
mand. Furthermore, the prototype experimental results
show that the motion planning and position servo com-
posite control strategy can meet the gait rehabilitation
requirements.
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Future work will further improve the robot’s structure and
control algorithms to enhance its performance and applica-
bility and will verify the accuracy and stability of the robot
control strategies. For instance, enhancing the robot’s adapt-
ability and level of intelligence would allow it to automat-
ically adjust its motion trajectory and force based on the
real-time patient status and rehabilitation progress, thereby
enhancing rehabilitation outcomes and user experience. Fur-
thermore, integrating the robot with technologies such as vir-
tual reality would create more realistic and immersive reha-
bilitation environments, thereby increasing patient engage-
ment and improving rehabilitation effectiveness.

The C-BWSGTR is extensively applicable and adaptable,
making it suitable for various patient populations and re-
habilitation scenarios. For patients with conditions such as
stroke, spinal cord injury, and muscle atrophy, the robot
can provide appropriate body weight support and walking
assistance, thereby facilitating gait training and rehabilita-
tion. Additionally, the robot can be utilized in rehabilitation
training for elderly individuals and people with disabilities,
thereby improving their quality of life and self-care abilities.
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