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ABSTRACT The passive training with fixed trajectory is more suitable for the initial rehabilitation training
of patients with no muscle strength in the affected limb. In order to meet the needs of patients’ rehabilitation
training in different rehabilitation stages and improve the active participation and rehabilitation training
effect of patients, a fuzzy sliding mode variable admittance (FSMVA) controller based on safety evaluation
and supervision is proposed for the cable-driven lower limb rehabilitation robot (CDLR) in this paper. The
FSMVA controller consists of an inner loop fuzzy sliding mode controller, an outer loop variable admittance
controller, and a safety evaluation and supervision module. Through the safety evaluation index of the
CDLR system and the comprehensive evaluation of patients’ rehabilitation effect given by rehabilitation
physiotherapists, a real-time adjustment algorithm of variable admittance controller parameters is designed,
which can realize the real-time switching of training modes and adjustment of variable admittance controller
parameters in active training mode and passive training mode. The trajectory tracking experiments with
no admittance, fixed admittance, and variable admittance based on safety evaluation and supervision were
carried out on the experimental platform. The experimental results show that the proposed FSMVA control
strategy has high position control accuracy in the active training mode. In addition, the training intensity and
the active participation of patients can be increased according to the patient’s exercise ability. In the passive
training mode, according to the training needs of patients, the amount of the trajectory adjustment can be
increased to improve the comfort of the training process and the safety of patients. It lays a foundation
for the further study of the evaluation system of the rehabilitation training process and the experiment of
human-machine interaction compliance.

INDEX TERMS Lower limb rehabilitation, rehabilitation training, fuzzy sliding mode control, variable
admittance control, safety evaluation and supervision.

I. INTRODUCTION

With the acceleration of global aging, the number of patients
with lower limb dyskinesia caused by disease and functional
degradation has been increasing. Clinical medical research
shows that the movement function of patients’ limbs can
be recovered and the movement ability of patients’ limbs
can be improved by scientific high-intensity and repetitive
training [1], [2]. At present, the global medical resources
are seriously inadequate, causing many patients to unable to
receive rehabilitation treatment and finally lose their move-
ment function. Therefore, the robot technology has been well
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applied to the rehabilitation field to help patients receive sci-
entific and effective rehabilitation training, which has become
the forefront of robot technology research [3], [4].
Rehabilitation robot is a research achievement in multi-
disciplinary fields, such as rehabilitation medicine, biome-
chanics, mechanics, and automatic control, and so on.
At present, according to the structural characteristics,
the lower limb rehabilitation robots mainly include two kinds,
exoskeleton type and parallel end-effector-based cable-driven
rehabilitation devices (CDRDs) type [5], [6]. The exoskele-
ton rehabilitation devices have a strict corresponding rela-
tionship between the joints of the robot and the human
limbs, which can realize the coordinated movement training
of multiple joints and the independent movement training
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of single joints, and have strong training pertinence. The
typical application cases are: CAREX-7 (a 7 DOFs cable-
driven arm exoskeleton studied by Beihang University) [7],
6 DOFs LLE (lower limb exoskeleton studied by University
Kebangsaan Malaysia) [8], [9], LLWRE (a lower limb wear-
able robotic exoskeleton studied by University of Iceland)
is an exoskeleton lower limb rehabilitation robot studied by
Harvard University [10], and so on. However, the exoskeleton
type rehabilitation devices have some problems, such as the
structure is complex, the training form is single, the motion
error is large, the man-machine compatibility is poor, and so
on [12], [13]. Compared with the exoskeleton type rehabilita-
tion robot, the parallel end-effector-based CDRDs can realize
the rehabilitation training of human limbs generally driven
by cable, which has the following advantages, such as the
structure is simple, the reliability is high, the reconstruction
ability is strong, the man-machine compatibility is better, and
the system stiffness can be adjusted. These characteristics
make it well applied in the rehabilitation field [14], [15].
Zou YP et al. designed a mobile lower limb rehabilitation
robot driven by four cables, in which two cables drive the
ankle joint of the lower limb and the other two cables drive
the knee joints of the lower limb [16], [17]. But four cables
are arranged in the same vertical plane, the training form of
the lower limb will be relatively simple. Giacomo Z. et al.
designed a parallel exoskeleton-based CDRD [18]. How-
ever, the robot can only complete exercise training with
a single degree of freedom of the limb. Matteo R. et al.
designed a cable-driven ankle rehabilitation robot based on
the cable-driven S-4SPS parallel architecture [19], which has
greater motion assistance range than the motion range of
human ankle in normal walking gait. Zi B. et al. designed
a cable-driven parallel robot for waist rehabilitation training.
A platform on which patients stand is driven by cables to real-
ize the waist rehabilitation training [20]. Giuseppe C. et al.
designed a novel cable-driven parallel robot for the assis-
tance of patients in rehabilitation training of both upper and
lower limbs without having to disassemble any part of the
structure [21]. Wang Y.L. and Wang K.Y. ef al. designed a
rigid-flexible hybrid-driven lower limb gait training robot.
The rigid motion module is introduced into the motion branch
chain of the CDLR, which not only increases the diver-
sity of lower limb gait training form, but also improves the
movement flexibility of the rehabilitation robot [22], [23].
The rehabilitation robot is a very complicated man-machine
coupling system. Hence, the control method of this kind of
the system is difficult. Many scholars have proposed different
trajectory tracking control strategies to improve the accuracy
of system in passive training. Zhang L.X. and Wang Y.L. et al.
proposed a compound controller based on modern control
theory to eliminate the surplus force caused by the motion of
the end-effector and external interference [24], [25], which
effectively improve the loading accuracy of the tension force
of the cable-driven units. Zi B. et al. designed a two-
level control algorithm based on the fuzzy algorithm and
PID algorithm. The position tracking of the end-effector is
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realized through the PID controller, and the PID controller
parameters can be adjusted by the fuzzy algorithm accord-
ing to the change of cable tensions to ensure the safety
of the patient [20]. In addition, the robust adaptive control
method [26], sliding mode control method [27], [28], and
force-position control method [29] were studied to realize
position tracking control of the robot.

In different rehabilitation stages, the exercise strength that
the lower limb muscles can provide is different. In the
middle and later stages of patients’ rehabilitation training,
the active training mode should take the patients’ active
movement intention and ability into account in the reha-
bilitation training so as to improve the active participa-
tion enthusiasm and training effect of patients’ in training.
Pehlivan et al. proposed a minimum assist-as-needed con-
troller, which allows patients to make use of the recovered
muscle strength of the lower limb during training, to the
greatest extent [30]. Banala er al. designed an adaptive
force domain controller to adjust the human-machine inter-
action force and the active participation of patients in train-
ing according to the motion error of the ankle joint [31].
Jun J. et al. proposed a hybrid force-position control algo-
rithm for cable-driven parallel robots (CDPR), which can
modify the expected position of the end-effector accord-
ing to the force spinor [32]. M. H. Korayem et al. designed
a robust feedback linearization control approach based on
the path planning of a cable-suspended robot [33]-[35].
Mehran R. et al. designed a novel fuzzy sliding mode control
for the exoskeleton robot, which is robust against external dis-
turbances and unknown dynamics [36]. Fortin-Cote, An et al.
proposed a speed closed-loop admittance control algorithm
for the CDPR. The speed of the end-effector can be adjusted
by the admittance controller [37]. Yang Q. et al. designed
an admittance controller for the cable-driven upper limb
rehabilitation robot, which can modify the desired trajectory
according to the interaction force between the patient and the
end-effector [38]. The above control strategies can achieve
different degrees of training effects. In the published papers,
there are few studies on the automatic switching between
active training mode and passive training mode, real-time
adjustment of patients’ training intensity, and the safety of
the CDLR and the CDPR. Therefore, the admittance control
strategy reported in the existing literature can’t be used in the
whole rehabilitation training process of patients.

For patients who have recovered part muscle strength,
the passive position control strategy didn’t take into account
the patient’s active participation in the rehabilitation training,
so it can’t meet the training needs of this kind of patients very
well.

The admittance control strategy with fixed admittance
didn’t take into account the exercise ability of patients, which
will affect the comfort and safety of patients in the train-
ing and the enthusiasm of patients to participate actively.
Therefore, a CDLR is designed in this paper, and a FSMVA
control strategy is proposed based on the safety evaluation
of the CDLR system. In this study, the designed admittance
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controller parameters can be adjusted in real-time according
to the safety evaluation index of the CDLR system in the
current moment and the comprehensive evaluation of the
rehabilitation effect given by rehabilitation physiotherapists.
Furthermore, the training intensity can be adjusted to meet the
training needs of patients in different rehabilitation training
stages and effectively improve the efficiency of rehabilitation
training. It provides a basis for further study of the reha-
bilitation evaluation system and optimization of controller
parameters and man-machine compliance experiments.

Il. CDLR

The CDLR can help patients perform different forms of reha-
bilitation training through the coordinated movement of cable
motion chains. For example, in the initial rehabilitation stage,
the lower limb muscles of patients can’t provide enough force
for the basic movement of lower limbs. Therefore, cables
are required to provide the force for the training of lower
limb according to pre-set trajectory to prevent degeneration of
muscle function of lower limbs. This mode is called passive
training mode. In the middle and later rehabilitation training
stages, the lower limb muscles of the patient can provide part
or all of the strength required for the exercise. At this time,
the CDLR only needs to provide some insufficient forces of
the lower extremity or follow the lower limb to complete the
rehabilitation training. This training mode is called assistant
training mode or active training mode. Besides, different
compound motion forms need to be completed in training.

In order to achieve multi-mode and diversified rehabilita-
tion training, a CDLR is designed, as shown in Fig. 1, which
mainly consists of four cable-drives units (CDU), a position
sensor, an end-effector (i.e. lower limb traction point), con-
trol cabinet, and frame. 3-D model of the CDLR is shown
in Fig. 1(a). The preliminary scaled prototype experimental
system is shown in Fig. 1(b).

The CDU is shown in Fig. 1(b(Il)). One end of the cable
is fixed at the ankle of the prosthetic limb(or end-effector).
The other end of the cable is connected on roller via pulley
and tension sensor. The roller is fixed on the output shaft of
the torque motor integrated with photoelectric encoder. The
cable tension data are collected by tension sensors with an
amplifier. Furthermore, the height of pulley b; in Fig. 1(a)
can be adjusted by a slider screw mechanism to meet the
requirements of different patients and training tasks.

The end-effector is shown in Fig. 1(b(IIl)). An infrared
reflection bracket with 3 infrared reflectors is installed at the
end-effector.

The position sensor is shown in Fig. 1(b(IV)). The posi-
tion sensor can emit 4 sets of infrared rays at the same
time, which are reflected by the infrared reflection bracket
in Fig. 1(b(Il)), and then the sensor detects the infrared
rays to calculate the spatial position of the end-effector. The
position data is directly uploaded to the host computer to store
the motion state of the end-effector and realize the motion
control of the CDLR.
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FIGURE 1. CDLR.

As shown in Fig. 1(b(I)), the control cabinet is integrated
with an industrial computer, a motion control card, four
drivers, a data acquisition card, and a power supply.

In the actual training process, the height of the pulley b; can
be set according to the height of patients and the needs of the
training task through the screw slider mechanism. Of course,
the height of pulley b; can be adjusted in real-time according
to the pre-planned training task during the training process.
The motion instructions of the CDU are sent through the
industrial computer and the motion control card, and the
motion of the lower limb can be realized by CDUs. In addi-
tion, the position data of the traction point are collected via
the position sensor. The cable tensions data are collected via
the tension sensors. The position data and the cable tensions
data are fed back to the industrial computer. The movement
training of the lower limbs can be accurately or compliantly
controlled via the designed controller. Then the closed-loop
control of lower limb rehabilitation training is realized.

Ill. MECHANICS ANALYSIS

The configuration of the CDLR is shown in Fig. 1(a), in the
global coordinate system O — XYZ, L;(i = 1, 2, 3,4) is the
length vector of cable L;. (x;, yi, zj) is the position of the
pulley b;. X = (x, y, z) is the position of the lower limb
traction point P. According to the principle of vector closure,
the length vector of cable can be written as:

Li=0b,—0P (i=1,2,3,4) ey
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FIGURE 2. Frame diagram of the CDLR’s control system.

Hence, the length of cable L; can be written as:

Li = ILill =/ (Ob; — OP) (Ob; — OP)" ¥

In addition, @ = [0, 62, 63, 64]T indicates angles of the
motor. ¥ = [ry, r2, r3, r4]T indicates the transfer coefficient
between the angle of the motor and the change in cable length,
that is the radius of the roller. So the length vector of cable can
be further written as:

L=Ly+r-0 3)

where Lo indicates the initial length vector of the cables.

In the rehabilitation training, the lower limb is driven by the
cable tension forces to complete the training task. According
to the Euler-Lagrange equations, the dynamics equation of
the end-effector can be expressed as:

J'T+w=0 “4)

where T = [tl,tz,t3,t4]T indicates cable tensions, W
presents external forces acting on end-effector (including
self-weight of end-effector).

EQ. (4) can be further expressed as:

MX)X+NX, X)X +G+W, =J'T 5)

where M(X) indicates the inertial matrix of the CDLR.
NX, X ) indicates the Coriolis matrix of the CDLR. G indi-
cates the gravity vector of the end-effector. W, indicates
unknown external interference and modeling errors. J T indi-
cates the Jacobian matrix of the CDLR. X = (x,,%) and
X indicate the velocity and acceleration of the end-effector,
respectively.

The length and tension of the cable are controlled via the
roller driven by the motor. In order to improve the control
accuracy of the rehabilitation robot, it is necessary to consider
the dynamics of the driven unit in the dynamic analysis. The
driven unit consists of a motor and a roller. So the dynamics
of the driven unit can be expressed as:

Jmb +Bpd +1T =1 (6)
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where J,, = diag(Um1, Im2, Jm3, Jma), and Jp,; indicates the
equivalent rotation inertia of the motor rotor and the roller.
B,, = diag(Bu1, B2, B3, Bna), and B,,; indicates the equiv-
alent viscous damping coefficient of the motor rotor and the
roller. T = [, T2, T3, r4]T, and t; indicates the output torque
of the i motor. § and 6 indicates the angle velocity and angle
acceleration of the roller. r is the radius of the roller.

It can be known from EQs. (2) and (3) that the rotation
angle of the motor is:

0=r"(L-Loy 7

The relation between the speed of the roller and speed of
end-effector can obtain via first order differential for time of
EQ. (7), which can be written as:

0=r""L=r""Jx 8)
So, their acceleration relation can be expressed as:
6 =r"JX +r1Jx ©))

Substituting EQs. (6), (8), and (9) into EQ. (5), one can
obtain the system dynamics equation of the CDLR as follows:

M oyX)X +NoyX. X)X + Geg + W =J"1  (10)
where:
M oy(X) = rMX) + J T wr™'J
NeyX, X)=rNX, X) 4+ r U T +r T B
G,y =rG
(11)

IV. DESIGN OF THE FUZZY SLIDING MODE VARIABLE
ADMITTANCE CONTROLLER

The CDLR’s control system consists of a position sensor,
four tension sensors, a data acquisition card, a motion control
card, four drivers, and four torque motors with integrated
photoelectric encoder. The frame diagram of the CDLR’s
control system is shown in Fig. 2. The position data of
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FIGURE 3. Schematic of the proposed FSMVA control strategy for the CDLR.

the traction point are collected via the position sensor. The
cable tensions data are collected via the tension sensors. The
industrial personal computer (IPC) and motion control card
can generate a control signals and send them to the drivers.
In order to meet the training needs of different patients in dif-
ferent rehabilitation stages and ensure the safety of patients,
this study introduces the safety evaluation and supervision
module and the rehabilitation physiotherapist optimization
parameters module into the control system to protect the
patient and improve the training effect.

In order to meet the needs of rehabilitation training tasks
of patients with different movement disorders in differ-
ent rehabilitation stages, a FSMVA algorithm is proposed
for the CDLR, which considers the safety of the CDLR
system. In the rehabilitation training, the compliance of
human-machine interaction can be adjusted by changing the
admittance parameters of the FSMVA controller, and the
active training mode can be changed from the passive training
mode to realize the active training with different intensity.
The schematic of the proposed FSMVA control strategy for
the CDLR is shown in Fig. 3, which includes the outer loop
admittance control module, the inner loop fuzzy sliding mode
control (FSMC) module, and the safety evaluation supervi-
sion module.

The outer loop admittance control module is to establish
a relationship between the interaction force, between the
lower limbs of the human and the CDLR, and the adjustment
amount of the tracking trajectory in rehabilitation training.
Patients can adjust the training intensity in real-time accord-
ing to their active exercise ability in the rehabilitation train-
ing process. The admittance parameters of the admittance
controller can be optimized based on the safety evaluation
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index of the CDLR, the rehabilitation stages and rehabilita-
tion effect of patients, and the clinical experience of reha-
bilitation physiotherapists. The inner loop FSMC module is
used to realize the precise control of the training trajectory
and the adjustment amount of the training trajectory for the
CDLR. The safety evaluation and supervision module is used
to calculate the safety evaluation index and supervise the
motion state of the CDLR system. When the training state
is in an unsafe state, the movement of the CDLR will be
stopped immediately to ensure the safety of patients. The
safety evaluation index of the CDLR system has been dis-
cussed in detail by the author in the literature [39] and [41],
so this paper directly uses the safety evaluation algorithm in
the literature [39] and [41].

According to the admittance control principle, the target
admittance model of the end-effector of the CDLR in the
global coordinate system can be expressed as:

AF(t) = MgAX (1) + B4AX(t) + Ka AX (1)
AF(t) = F(t) — F4(1)
AX(@) =X () — Xa(®)

12)

where M4, B4, and K4 indicate the target inertia matrix, tar-
get damping matrix, and target stiffness matrix, respectively.
F,(t), F(t), and AF(t) respectively represent the expected
interaction force, actual interaction force, and deviation
between the expected interaction force and the actual inter-
action force. X4(t), X(¢), and AX(¢) respectively represent
the expected motion trajectory, actual motion trajectory, and
adjustment amount of motion trajectory of the end- effector
of the CDLR.
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In the actual training process, the safety of the rehabil-
itation robot to the patient must be guaranteed. Therefore,
this paper establishes a safety evaluation and supervision
module based on the safety evaluation index Sj,ge, of the
CDLR system proposed in the literature [39], [41] in the
control system. Combined with the clinical experience of
the rehabilitation physiotherapist, the admittance parameters
of the admittance controller can be adjusted and optimized
according to the comprehensive evaluation for the rehabil-
itation stage and rehabilitation effect of patients given by
the rehabilitation physiotherapist. The adjustment algorithm
of the admittance parameters of the admittance controller
can be expressed as (13), shown at the bottom of the page,
where M 440, M apo, Baao, Bapo, Kaao, and K gp0 respectively
represent the desired target inertia matrix, the desired target
damping matrix, and the desired target stiffness matrix in
active and passive training modes. The detail calculation
process of the safety evaluation index Sj;,4.x of the CDLR is in
references [39] and [41]. The parameters «, and o, represent
the rate of change of the target inertia matrix M4 manually
adjusted by the rehabilitation physiotherapist in the active
training mode and passive training mode respectively; the
parameters B, and B, represent the rate of change of the target
damping matrix By manually adjusted by the rehabilitation
physiotherapist in the active training mode and passive train-
ing mode respectively; the parameters y, and y, represent
the rate of change of the target damping matrix K4 manually
adjusted by the rehabilitation physiotherapist in the active
training mode and passive training mode respectively. The
safety evaluation index Sj,gex of the CDLR can be written
as [39], [41]:

TP, OPmi TP, OPmi
Sindex = (UTP min 4 pgp— | - | nr 20 +77Ko_mm

P min min
Thax OP max IR max

. (an tan @p e tan GM) . <1 _vp ) (14)
tan 6 tan 6 Vmax

where TP, TP and T,Mn respectively indicate the minimum
value, the maximum value of the tension force of cables at
the current position, and the maximum value of the minimum
tension forces of cables in the workspace. opmin, 0pmax and
UHT;Q respectively represent the minimum singular value and
the maximum singular value of the system stiffness matrix at
the current position, and the maximum value of the minimum
singular value of the system stiffness matrix in the workspace.

fp, 6, and 6y indicate the angle 6 when the traction point

is at any position, the center points of the horizontal section
where the traction point is located at any position and the
upper surface of the workspace, respectively. vp and vpax
respectively indicate the movement speed of the traction
point at any position and the maximum allowable safe speed
determined by the patient’s motion tolerance ability.

When calculating the safety evaluation index of the CDLR
system, it is necessary to determine the weight coefficients
according to the size of the contributions of all performance
factors to the safety [39], [41]. Specifically, the weighted
coefficients nrp and ngp reflect the size of the contribution
of prp and gip to the safety, respectively. p7p and gppp
indicate the distribution uniformity of the cable tension and
the system stiffness in each direction at the current position.
The relationship between the system stiffness and the cable
tension shows the cable tension is one of the important factors
for determining the system stiffness of the CDLR, and the
cable tension is the direct factor that drives the lower limb
motion and resists external interference. Hence, the cable
tension performance factor gprp is more important than the
system stiffness performance factor gp at the current posi-
tion to the safety. Namely, the weighted coefficients meet
nrp > nip. The weighted coefficients nr and n; reflect the
size of the contribution of g7 and gy to the safety, respec-
tively. gor and g indicate the distribution uniformity of the
cable tension and the system stiffness in each direction in the
whole workspace; and because of the above same reasons,
the cable tension performance factor o7 is more important
than the system stiffness performance factor gy in the whole
workspace to the safety. But the importance here is weaker
than grp and gyp. So, the weighted coefficients meet nrp >
nkp; the weighted coefficients 7, and 7, reflect the size of
the contribution of g, and g, to the safety, respectively.
$pv and gp), indicate the distance from the current position
to the vertical midline and upper surface of the workspace,
respectively. When the traction point is closer to the vertical
midline of the workspace, the more uniform the distribution
of cable tension is, and the more uniform the distribution of
system stiffness is. When the traction point is closer to the
upper surface of the workspace, the larger the cable tension
is, the larger the system stiffness is. However, the distribution
uniformity of the cable tension is more important to the
safety of rehabilitation robots than the system stiffness to
the safety. Hence, g, is more important than g,;. Namely,
the weighted coefficients meet 1,, > np,; According to the
CDLR parameters, the robot configuration constraints and the

M ga0 + (1 = Sindex)otp,

Mg =
Mde — (I = Sindex)otn,

K=

deO - - Sindex)yn,
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B, — {Bdao + (1 — Sindex)Bp, for active training mode

for active training mode

for passive training mode

(13)

Bapo — (1 — Singex)Bn,  for passive training mode
Kaao + (1 — Sindex)vp, for active training mode

for passive training mode
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optimized performance indicator of the cable tension in the
study, the weight coefficients selected in the study are nyp =
0.6, ngp = 0.4, nyr = 0.55, ng = 045, np, = 0.6, and
nen = 0.4 [39], [41].

In addition, the safety evaluation and supervision module
should supervise the safety of the CDLR system to ensure
the safety of patients in the training process. When the safety
evaluation index Sjgex of the CDLR system is smaller than a
given value S} , ., the motion state of the system is not safe
for patients, so the system should shut down urgently, which
can be expressed as:

If Sindex < S},

index
then
(15)
shut down
end
where the given value S} , - depends on the exercise capacity,

the treatment and rehabilitation plan of patients. In this study,
S2 gex = 0.01.
In frequency domain space, EQ. (12) can be further

expressed as:
AF(s)
Mgs? +Bgs +Kq4

The error of the tracking track is defined as e(¢):
e(t) =04()—0(1) (17)

where 6 4(¢) and 0(¢) represent the expected and actual motion
angles of the motor, respectively.

The switching function of the sliding surface is designed
as follows:

= AX(s) (16)

s(t) = Ke(t) + é(t) (18)

where s(?) is the slope of the sliding surface. K is the diagonal
positive matrix of the proportional term of the switching
function.

From EQs. (9), (10), (17), and (18), the first derivative of
the slope of the sliding surface with respect to time can be
written as follows:

§(t) =Ké(t) +0(t) — M, "' I x
+Neg =M TDO) =17 JGog = We) - (19)

where J T is the Moore—Penrose generalized inverse matrix
. —1
of the matrix J, and J* = J7 (JJT) .

The sliding mode controller is designed as:
u(t) = Meqé)Ké(f) + Meq(-)é(l‘) + (Neq9 - Meq9.1+])0(f)

- Geq& + Meq9€ : sgn(s(t)) (20)
where sgn(-) is a symbol function. € is a gain matrix, in which
the values of the diagonal elements can be adjusted by the
fuzzy controller. There is the following relationship:

Meq9 = J_TJ+rMeq
Neqa =J_TJ+rNeq (2])
Geq@ = J_TJ+rJ>TGeq
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In order to prove the stability of the designed FSMVA
control algorithm, a Lyapunov function is defined as follows:

1 p
V= Es (1)s(t) (22)
Combined with the first derivative of EQ. (21), and
EQ. (21) can be arranged as:
V =sT)s@)sT (1)
= [Ké(t) +8(6) — My wt) + Nego — Megd " 1)00)
_Geq9 -W.+ Meq0€ : Sgn(s(t)))]

= 5T [~My(~ W + Megoe - sen(s(0)]

= sT() [M;qlewe —e. sgn(s(t))]

4
=sTOMyW. =) silsi(1) (23)

i=1

In addition, because the unknown external interference and
modeling errors are bounded in actual application and meet
the following condition:

—1
MW,

<& (24

Let &, < g;, then EQ. (23) meets condition:

4 4
V=sTOM_ W, =Y eilsit) < Y si(t) (Gu — &) <0
i=1 i=1

(25)

One can be found from the above analysis that the
Lyapunov function V is positive definite and V is negative
definite. When |s(t)] — oo, V — o00. According to the
Lyapunov’s stability discrimination theorem, the system with
the closed-loop control strategy is asymptotically stable, and
its equilibrium position is the system’s asymptotic stability
point in large-range.

The chattering phenomenon exists generally in the sliding
mode control systems. By EQ. (20), the variation of symbol
function is discrete, and the system will switch back and
forth in near sliding surface |s| = 0. The gain value &
directly affects the speed of approaching the sliding surface
and dynamic quality of the system: under the premise of
meeting the system stability condition &, < ¢;, the gain
value € is too small, which increases the time that the system
to reach the sliding surface and reduces the convergence
speed of the system. On the contrary, the gain value € is too
large, which will increase the speed of the system to reach the
sliding surface. The inertia of the system will make it cross the
sliding surface, and the system’s chattering phenomenon will
be increased. In order to improve the dynamic performance
of the system, the gain value & needs to be optimized and
adjusted according to the real-time state of the system.

Combined with the slope of the sliding surface s(#) and its
change rate s(¢), a fuzzy controller is designed to optimize and
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adjust the gain value & of the sliding mode controller (SMC).
The fuzzy controller can be designed as:

g = &, + Ag; = &, + fuz(s;(1), 5i(1)) (26)

where Ag; is adjustment amount of the gain value e.
fuz(s;(t), §;(t)) represents a fuzzy operation.

The fuzzy rules used in this study are as follows:

(1) If 5;(¢) - 5;(t) > 0, the status point of the system is
moving away from the sliding surface. When the value s;(¢)
and $;(¢) is larger, the fuzzy control system should drive the
motion state point of the system to return to the sliding surface
as soon as possible by increasing the gain value .

(2) If si(z) - §i(t) < O, the status point of the system is
moving in the direction close to the sliding surface. When
the value of s;(¢) is too small or §;(¢) is too large, the fuzzy
control system should drive the motion state point of the
system to return to the sliding surface at a smaller speed by
decreasing the gain value &, which can reduce the chattering
phenomenon of the system.

In fuzzy control system, the inputs are clear values in form
of crisp number. However, fuzzy controllers cannot recognize
clear values. Therefore, they must be converted into linguistic
variables through fuzzification [20]. A fuzzy control system
is designed with the Mamdani fuzzy inference method to
adjust the gain value € in real-time. The normalized mem-
bership functions of s;(¢), §;(t) and Ae; are shown in Fig. 4.
All fuzzy subsets use Z-shaped, triangular, and S-shaped
membership functions. The output and the inputs of the fuzzy
control system are just the opposite. It is necessary to obtain
the change of the control action, the output of the fuzzy

PM PB

=
3
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2050
(@ s5,(1)/5,(t)

M

1.8 F

0.6

04F

Degree of membership

0 0.2 0.4 0.6 08 1
As;

i

(b) Ag,

FIGURE 4. Normalized membership functions of s;(t), s;(t) and Ae;.
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FIGURE 5. Relationship between the inputs and the output of fuzzy
inference.

FIGURE 6. Prosthetic limb.

control system, with calculating based on the inputs using a
fuzzy inference mechanism. The defuzzification converts the
linguistic variable into a crisp value to adjust the gain value
&; of the sliding mode controller in real-time.

The key of the fuzzy controller is inference. According to
the membership function of the inputs, the expert knowledge
will provide 49 fuzzy rules for control. The relationship
between the inputs and the output of fuzzy inference is shown
in Fig. 5. The fuzzy inference is realized with the Mamdani
inference method.

V. EXPERIMENTAL RESEARCH
In order to verify the control effect of the proposed FSMVA
controller for the CDLR, the trajectory tracking experiments
with different admittance parameters are carried out on the
experimental system of the CDLR. The flexion-extension
motion trajectory of the human lower limbs in the sagittal
plane is selected as the motion trajectory of the end-effector.

Considering safety and ethical issues, we use a prosthetic
limb to simulate the lower limb of the patient for experimental
research. The knee joint of this prosthetic limb is not equipped
with a driving device, so the thigh and calf of the prosthetic
limb are fixedly installed to make them collinear, as shown
in Fig. 6.

Hence, the selected motion trajectory can be expressed as:

X = Xxq
¥ = Y0 + (lnigh + learf) sin (6(1)) (27)
z = 20 — (Iihigh + Leaif) cos (6(1))
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where (x9, 0, zo) is the position of the hip joint. /hign and
lcair are the length of the thigh and the calf. 6(¢) is the
flexion-extension angle of the hip joint in the sagittal plane.

The trajectory tracking test experiment with different
admittance parameters mainly includes three groups of exper-
iments, which are the trajectory tracking experiment with no
admittance, the trajectory tracking experiments with fixed
admittances, and the trajectory tracking experiment with vari-
able admittances based on safety evaluation and supervision.
The trajectory tracking experiment with no admittances is
performed to verify the position control performance of the
proposed fuzzy sliding mode (FSM) controller. The trajectory
tracking experiments with fixed admittances are performed to
analyze the influence of the fixed admittance parameters on
the trajectory tracking performance. The trajectory tracking
experiment with variable admittances is performed to verify
that the proposed FSMVA controller can adjust the admit-
tance parameters of the admittance controller in real-time
according to the system safety evaluation and supervision
algorithm and the comprehensive evaluation of the patient’s
rehabilitation effect to adopt the training needs of patients in
different rehabilitation stages.

A. TRAJECTORY TRACKING EXPERIMENT WITH NO
ADMITTANCES

In the initial stage of the rehabilitation training, the training
mode of the robot is mainly passive training mode. The
CDLR should complete the training task by tracking the
desired trajectory to prevent the muscle atrophy of lower
limbs. In the control strategy block diagram shown in Fig. 3,
when the outer loop admittance parameters of the admittance
controller are all set to infinity (that is, no admittance control),
the control system of the CDLR is transformed into a position
controller (FSM controller) that tracks the desired trajectory.
Therefore, the purpose of the trajectory tracking experiment
with no admittance is to verify the control accuracy of the
inner loop FSM controller.

Assume that the initial state of the test experiment is that
the prosthetic limb is in a natural drooping state, that is,
the hip joint angle 6(0) = 0°, as shown in Fig.6. The
parameters of a prosthetic imb (ligh = 42.327 cm, lear =
39.681 cm) are used in the following different experiments.
The parameters of the FSMVA controller selected in this
study are: K = diag[600, 600, 600, 600], Mgs0 = Mgpo =
20 oy = @y = 0, Baao = Bgpo = 20'°, B, = B, = 0,
Kaiao = Kapo = 2010, and y, =y, = 0.

The experimental results of trajectory tracking with infinite
admittance are shown in Fig. 7. It can be seen from the
experimental data that the test experimental results can track
the desired trajectory well, and the root mean square error
of the experimental results RMSE = 3.87 mm and the mean
error ME = 3.36 mm, which can meet the basic require-
ments of rehabilitation training. It indicates that the control
accuracy of the FSM controller can meet the requirements
of rehabilitation training. The change curve of cable tension
is shown in Fig. 7(c), in the trajectory tracking with infinite
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FIGURE 7. Experimental results of trajectory tracking with no admittance.

admittances, and the change curve of the safety evaluation
index of the tracking system is shown in Fig. 7(d). When
external interference acts on the system in the training pro-
cess, the system will adjust the cable tension to ensure the
accuracy of the tracking trajectory.

In Fig. 7(a), the display range of the X-axis is limited to
[245, 255] mm. The maximum error value is 4.39 mm, in the
X-axis direction, and the mean error is 1.56 mm.

B. TRAJECTORY TRACKING EXPERIMENT WITH

FIXED ADMITTANCES

The passive training mode with no admittance is mainly
suitable for patients without limb muscle strength to prevent
muscle atrophy and muscle degeneration. However, the lower
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limb muscles may recover part of the muscle strength after
rehabilitation training for a period of time. Admittance con-
trol is introduced in passive training. By adjusting the admit-
tance parameters, the compliance of human-machine interac-
tion training can be improved to ensure the patient’s comfort
and safety during training. In order to analyze the influence of
the FSMVA controller on the tracking trajectory performance
with different admittances configurations, trajectory tracking
experiments with three different admittances configurations
(small admittance, medium admittance, and large admittance)
are performed. During the experiment, the initial state of the
trajectory tracking experiment is the same as the trajectory
tracking experiment with no admittance. In addition, a con-
stant vertical force (10N) is applied to the end-effector to sim-
ulate the human-machine interaction force. In the experiment,
combined with the reference [40], the selected three different
admittances configurations are shown in Tab. 1.

TABLE 1. Three different admittances configurations.

Admittances

Configurations M, (N-s*/mm) By (N-s/mm) K;(N/mm)

Small diag[10, 10, 10, 10]  diag[0.2,0.2,0.2,0.2 diag[5, 5, 5, 5
admittance iag(10, 10, 10, 10] ag(0.2,0.2,0.2,0.2] agl3, 3, 5, 3]
agf:i‘:t'::;e diag[15,15,15,15]  diag[0.3,0.3,03,0.3]  diag[10,10,10,10]
Large diag[20,20,20,20]  diag[1.0,1.0,1.0,1.0]  diag[15,15,15,15]

admittance T o T

Fig. 8-10 show the experimental results of trajectory track-
ing with the admittance configurations of small admittance,
medium admittance, and large admittance, respectively. The
root mean square errors and the mean errors of the trajectory
tracking with the small admittance configuration, medium
admittance configuration, and large admittance configuration
are shown in table 2. It can be seen that as the admittance

—— Desired trajectory
Track trajectory

Z/mm

75700 7;0 R(;O 8;0 ‘)60 ‘);O 10‘00 1050

Y/mm
(a) Projection of tracking trajectory on YOZ
0.135 T
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(b) Change of Sjex

FIGURE 8. Experimental results of trajectory tracking with small
admittance configuration.
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FIGURE 9. Experimental results of trajectory tracking with medium
admittance configuration.
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FIGURE 10. Experimental results of trajectory tracking with large
admittance configuration.

parameters increase, the deviation of the tracking trajec-
tory from the desired trajectory will be smaller. In addition,
the safety evaluation index of the tracking experiments in
three different admittance configurations hardly changed.

C. TRAJECTORY TRACKING EXPERIMENT WITH

VARIABLE ADMITTANCES

In actual rehabilitation training, for patients who have recov-
ered part of their muscle strength, when the direction of
the force provided by the lower limb is consistent with the
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TABLE 2. Track trajectory error with fixed admittances.

Admittances Configurations RMSE(mm) ME(mm)
Small admittance 12.85 7.81
Medium admittance 8.47 526
Large admittance 4.29 2.88

movement direction of the desired trajectory, the training
is regarded as a passive training mode. When the direction
of the force provided by the lower limb is opposite to the
movement direction of the desired trajectory, the training is
regarded as an active training mode [40]. In order to improve
the training effect in the active training mode, the system
needs to reduce the error of trajectory tracking to increase the
patient’s active participation and training intensity. A larger
admittance configuration needs to be selected in the active
training mode. In the passive training mode, the patient’s
ability to provide resistance to the force of the robot is poorer,
so the system is required to have high flexibility to improve
the comfort and safety of patients in training. A smaller
admittance configuration needs to be selected in the passive
training mode. According to the experimental settings, since
the direction of the simulated interaction force is opposite
to the motion direction of the end-effector between 0-7.3 s,
the training is the active training mode between 0-7.3 s. After
7.3 s, their directions are the same, and the training is set
as the passive training mode after 7.3 s. Hence, the variable
admittances configurations based on safety evaluation and
supervision are shown in table 3.

TABLE 3. Variable admittance configurations of the FMSVA controller.

Training mode My o Ba p Ka
Active training mode 30 5 5 2 10
Passive training mode 15 0.6 2 0.2 5 0.5

Fig. 11 shows the experimental results of trajectory
tracking with the variable admittance configurations of the
FMSVA controller based on the safety evaluation and super-
vision. It can be seen from the experimental data that RMSE
s 5.54 mm and the ME is 2.65 mm. In addition, in the active
training phase, the motion error between the tracking trajec-
tory and the desired trajectory is small, and ME is 0.97 mm.
However, in the passive training phase, the motion error
between the tracking trajectory and the desired trajectory is
larger, and ME is 3.86 mm. Fig. 11(b)-(c) respectively show
the change curves of the cable tension and the safety eval-
uation index of the trajectory tracking experiment with the
variable admittance configurations of the FMSVA controller.
Fig. 11(d)-(f) show the change curves of the admittance con-
figuration parameters My, By, and K, respectively. It can be
seen that the admittance configuration parameters My, By,
and K; can change with the change of the safety evaluation
index Ssric, and their changing law is consistent. According
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to the adjustment algorithm of the admittance parameters of
the admittance controller, EQ. (13), their change rules are
right. Therefore, the proposed FSMVA controller can adjust
the admittance configuration in real-time according to the
safety evaluation index in the training process. In the active
training process, the parameters of the admittance controller
will increase, and the tracking error will reduce to improve
the training intensity and effect of patients. In the passive
training process, the parameters of the admittance controller
will reduce, and the tracking error of the end-effector will
increase to reduce the interaction force between the patient
and the robot to ensure the safety of the patient.

Based on the analysis of the above trajectory tracking
experiment results, it can be seen that the proposed FSMVA
controller is more suitable for the rehabilitation training of
patients in the whole rehabilitation phases than the fixed
admittance controller. Hence, the comprehensive evaluation
of the patient rehabilitation effect given by rehabilitation
physiotherapists and the safety evaluation of the system is
considered in the adjustment algorithm of the admittance
parameters of the FSMVA controller, which can adjust the
admittance configurations of the FSMVA controller in real-
time. It can not only adjust the training intensity of the patient
and improve the training effect according to the muscle
strength of the patient’s lower limbs in the active training
process, but also increase the adjustment amount of the train-
ing trajectory according to the patient’s training needs in the
passive training process to further ensure the patient’s safety
and comfort. This study is different from other studies in two
main aspects. Firstly, the safety evaluation and supervision
mechanism is established according to the safety evaluation
method of the CDLR system, and the admittance parameters
of the FSMVA controller can be adjusted in real-time based
on the safety evaluation index. Secondly, the different reha-
bilitation training plans given by rehabilitation physiother-
apists, based on clinical experience and the comprehensive
evaluation of the rehabilitation effects of different patients
in the active training mode and passive training mode, are
considered to further adjust and optimize the admittance
parameters of the FSMVA controller. Therefore, this study
reserves the adjustment parameters oy, oy, Ba, By, Ya» and y,
for the admittance controller in the adjustment algorithm of
the admittance parameters.

In this study, the biggest advantage is that the safety of the
system and the training needs of patients at different rehabili-
tation stages are considered in the rehabilitation training, and
the admittance parameters of the FSMVA controller can be
adjusted in real-time to improve the efficiency and safety of
rehabilitation training. In the active training process, increas-
ing the admittance parameters means increasing the stiffness
and damping of the CDLR, and then the training intensity for
the patient will be increased, which can effectively improve
the patient’s participation and enthusiasm. In the passive
training process, decreasing the admittance parameter means
decreasing the stiffness and damping of the CDLR (that is,
the better the flexibility of the system), which can effectively
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FIGURE 11. Experimental results of trajectory tracking with variable
admittance configurations of the FMSVA controller.

improve the safety and comfort of patients during the training
process.

Finally, it is worth noting that this study has one limita-
tion. The adjustment algorithm of the admittance parameters

VOLUME 9, 2021

of the variable admittance controller not only considers the
safety of the CDLR system, but also takes into account the
rehabilitation training needs of different patients in different
rehabilitation stages. However, the influences of the adjust-
ment parameters tq, &y, Ba, Bp, Ya» and ), for the admittance
controller, given by rehabilitation physiotherapists based on
clinical experience and the comprehensive evaluation of the
rehabilitation effects of different patients in the active training
mode and passive training mode, on the rehabilitation training
effect of patients are not discussed in the study. Therefore,
future work needs to further improve and optimize the evalu-
ation system of the robot-assisted patient in the rehabilitation
training process based on the results of this research. Com-
bined with the clinical experience and professional opinions
of rehabilitation physiotherapists, the adjustment parameters
Qg, p, Bas Bp, Ya» and y, of the admittance control for
the FSMVA controller can be automatically configured in
different rehabilitation stages and training courses to pro-
vide a basis for optimizing system control parameters and
man-machine test experiments.

VI. CONCLUSION

A coordinated control strategy was presented in this paper
based on the fuzzy sliding mode variable admittance control
method for the CDLR system, which can adjust the control
parameters of the admittance controller in real-time accord-
ing to the system safety evaluation index and the compre-
hensive evaluation of the patient’s rehabilitation effect. The
derivation process of the fuzzy sliding mode variable admit-
tance control algorithm was analyzed, and the stability of the
system was proved based on the Lyapunov stability criterion.
The trajectory tracking experiments with no admittance, fixed
admittance, and variable admittance parameters based on
safety evaluation and supervision were carried out on the
experimental platform. The experimental results show that
the proposed FSMVA controller has high position tracking
ability and can meet the needs of lower limb rehabilitation
training. In addition, the proposed FSMVA controller can
automatically switch between active training mode and pas-
sive training mode, and adjust the control parameters of the
admittance controller in real-time. Which can not only change
the adjustment amount of motion trajectory according to the
training needs of patients in passive training is to ensure the
safety and comfort of the patient during the rehabilitation
training process, but also adjust the admittance parameters
of the admittance controller according to the patient’s exer-
cise ability during the active training process to increase the
training intensity and efficiency.

Future work, based on the clinical experience and
professional opinions of rehabilitation physiotherapists,
the evaluation system of the robot-assisted patient in the reha-
bilitation training process will be further improved, which
can automatically configure the adjustment parameters of
the admittance control for the FSMVA controller in differ-
ent rehabilitation stages and training processes of patients
combined with the physiological parameters of patients, like
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electromyogram (EMG). Human-machine compliance test
experiments will be carried out.
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