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Abstract: In this study, a new cable-driven rehabilitation robot is designed, the overall design of the
robot is given, and the kinematic equation of the lower limbs in the supine state of the human body
is addressed. Considering that cable winders move along the rail brackets, the closed vector method
is applied to establish the kinematic model of the robot, and the relationship between the human
joint angle and the cable length change was deduced. Considering joint compliance, a fifth-order
polynomial trajectory planning method based on an S-shaped curve is proposed by introducing an
S-shaped velocity curve, and the changes in cable length displacement, velocity, and acceleration
are simulated and analyzed. Three planning methods are compared based on two indices, and
experimental verification is carried out on the rehabilitation experiment platform. The simulation
and experimental results show that the trajectory planning method presents low energy consumption
and strong flexibility, and can achieve better rehabilitation effect, which builds a good basis for the
subsequent study of dynamics and control strategy.

Keywords: cable-driven rehabilitation robot; kinematics; trajectory planning; fifth-order
polynomial; flexibility

1. Introduction

With the number of patients with limb injuries caused by unknown diseases or
unexpected accidents increasing year by year [1,2], scientific and effective rehabilitation
therapy plays a significant role in restoring limb motor function. In the early stage of
rehabilitation, meaningful and repetitive rehabilitation training tasks can help patients
with motor dysfunction improve their muscle strength and coordination [3,4]. Traditional
rehabilitation treatment requires rehabilitation training under the guidance of rehabilitation
specialists. Due to long-term training, the rehabilitation teacher’s strength is weakened
and the movement is biased, which leads to a weakening of the rehabilitation effect. For
repetitive rehabilitation treatment, rehabilitation robots can be used instead of rehabilitation
specialists [5]. Therefore, rehabilitation robots have received great attention.

Some exoskeleton rehabilitation robots have been widely applied in rehabilitation
treatment, and help patients complete rehabilitation training more effectively through
auxiliary training and real-time status monitoring [6], such as ARMin [7], RUPERT [8],
and CADEN-7 [9]. However, the traditional exoskeleton robot has large inertia, and the
patient is prone to collide with the robot, causing secondary injury to the patient. There
are problems such as limited working space and a single training mode [10-12]. For these
reasons, in recent years, cable-driven robots have begun to attract people’s attention. They
use cables to replace rigid elements to drive limb movement. They have the characteristics
of a large working space, lower motion inertia, strong load-bearing capacity, and good
flexibility [13-15] in multiple scenarios, they can satisfy the rehabilitation needs of different
patients. In addition, when the robot is not controlled, the flexible cable can ensure that the
patient is not injured. Therefore, cable-driven rehabilitation robots have been widely used in
rehabilitation training. Ming et al. [16] developed a new type of cable-driven sports training
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system. People need to train on a treadmill, and the traction cable can provide resistance
to the legs and effectively improve the movement function of the legs. Wang et al. [17]
designed the rehabilitation system that introduces a rigid chain, and experimental research
is conducted on the training trajectory of the lower limb traction point in accordance with
the planning strategy of rigid body movement. Ennaiem et al. [18] designed a three-degree-
of-freedom planar cable-driven robot, which selects single objective optimization to help
patients better complete the specified actions of upper limbs. Yang et al. [19] designed a
rehabilitation robot combining a cable-driven mobile platform and an adjustable lower
extremity exoskeleton device, which can perform rehabilitation training on the waist and
lower limbs. Wang et al. [20] developed rigid-flexible hybrid lower limb rehabilitation robot
comprehensively considers the cable tension, position of the traction points and system
stiffness to study its dynamic stability evaluation method, which provides a consultation
for rehabilitation training task planning and control strategies. Rogério et al. [21] developed
a cable-driven parallel rehabilitation robot for basic movements of the lower limbs. The
system consists of a fixed base and a mobile platform that can connect up to six cables.
Wang et al. [22] designed a rehabilitation robot that can realize adduction and abduction of
lower limbs, and the relationship of human-machine coordinated motion is considered.
Kim et al. [23] developed a four-cable traction lower-limb rehabilitation robot for auxiliary
training of gait, and the kinematics of the robot was optimized.

To improve the adaptability of cable-driven robots, the reconfigurable robots are
proposed. Rosati et al. [24] designed an adaptive cable-drive system that modifies the
pulley arrangement based on the pose of the end-effector to maintain optimal performance.
Nguyen et al. [25] designed a reconfigurable suspended cable-driven robot for aircraft
maintenance and obtained the optimal configuration of the robot by solving a multi-
objective optimization problem. Gagliardini et al. [26] designed a discrete reconfigurable
planning method for an 8-6 cable-driven robot that uses Dijkstra’s algorithm to select
the best reconfiguration strategy. There is also some research on the configurable aspects
of cable-driven rehabilitation robots. MariBot is a 5-degree-of-freedom serial-parallel
robot, two rotational joints of serial structure provide a wide horizontal range of upper
limb movement [27]. Mao et al. [28] designed the cable-driven exoskeleton robot; they
optimized the positions of the cable connection points by using the deviation area between
the actual and desired trajectory of the robot arm as the optimization objective. Sophia-3 is
an adaptive cable-driven device with a tilting working plane, which can achieve excellent
force capabilities with fewer cables by moving the pulley lock [29].

Through the comprehensive analysis of the above research, it is found that the pro-
posed cable-driven rehabilitation robots do not consider the compliance of rehabilitation
trajectory from the perspective of human joints, and the designed cable exit points only
move in a single direction. For these reasons, according to the tasks and characteristics of
rehabilitation, this study comprehensively considers the angle flexibility of human joints
and the configurability of cable exit points. A new trajectory planning method is proposed,
which is used to improve joint flexibility. The cable exit points can move in two directions,
and the cable exit points can rotate according to the direction of the cable, which effectively
improves the workspace. Compliant action can improve the patient’s comfort and promote
early recovery; therefore, it is very important to plan the rehabilitation trajectory reasonably
during the rehabilitation training process. In the early stage of rehabilitation, robots need
to provide auxiliary motion suitable for human rehabilitation on the basis of the character-
istics the of human body structure. Therefore, kinematic analysis and trajectory planning
simulation of the robot need to be carried out in advance [30]. The model of a cable-traction
lower limb is similar to a multilink cable-driven manipulator. Rezazadeh et al. [31] pro-
posed a systematic method for determining the tensionable workspace of a multibody
cable-drive mechanism, the method is applied to several single-degree-of-freedom and
two-degree-of-freedom mechanisms with different cable distributions. Lau et al. [32] pro-
posed a generalized model of a multilink cable-driven serial manipulator and derived the
kinematics and dynamics of the generalized model based on the cable-routing matrix. In
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this study, a new type of cable-driven rehabilitation robot is conceived. Its cable exit point
can move on the rail brackets in two directions and can provide rehabilitation training
of various postures. To achieve a better rehabilitation effect, the relationship between the
change in the human joint angle and the change in cable length is analyzed, and a new tra-
jectory planning method is presented. Simulation and experiments verify the effectiveness
and feasibility of this method.

2. Structure of Rehabilitation Robot and Human Lower Limb Model
2.1. Structure of Robot

The overall design of the cable-driven rehabilitation robot is shown in Figure 1la.
The design mainly includes 4 columns, 5 rail brackets, 2 crossbeams, 6 synchronous
belts, 8 servo motors (51-S8), 6 DC motors, and 6 cable winders (A1-A6). As shown
in Figure 1b, each rail bracket is equipped with a synchronous belt with a cable winder
(two cable winders are installed on the middle rail brackets, and only one cable is shown
in the Figure 1a), and each cable winder is equipped with an encoder, which is directly
connected to the pulley. The DC motors and cable winders are assembled together, and
the DC motors are used to drive the cable winders to realize the retraction and release of
the cables. The cable will make the pulley turn, therefor, the encoder can directly measure
the cable length. The connection of the cable winders with the rail brackets is rotatable,
the exit point of the cable can be automatically adjusted according to the direction of the
cables. The servo motors drive the synchronous belt to move the cable winders on the rail
brackets. In addition, servo motors S3 and S7 also move the rail brackets on both sides
up and down along the columns, and S8 allows the middle rail bracket to move left and
right along the crossbeams. Therefore, while moving along the rail brackets, the cable
winders A4 and A5 can move up and down, Al and A6 can move left and right, which
effectively improves the workspace of rehabilitation. The cable winders do not directly
contact the limb, but indirectly control limb movement by monitoring the cables. One end
of the cable is connected to the drum of the cable winder, and the other end is connected
to the patient’s limbs through a flexible belt. On the one hand, it can detect cable tension;
on the other hand, it can play a buffering role, which improves the safety of rehabilitation
training. The rehabilitation robot can provide multi-posture rehabilitation training, and
can freely choose horizontal, sitting, vertical, and other training postures according to
different rehabilitation states of the body and joint adaptation. The movement of the cable
winders and the retraction and release of the cables is controlled by selecting different
rehabilitation actions and the number of cables. Consequently, the patient’s limbs can move
in three-dimensional space and adjust in accordance with the changes of the interaction
between the limbs and the rehabilitation robot to complete the rehabilitation treatment
action in real time.

Rail Bracket S8
Synchronous 5 o Crossbeam
Belt

Cable )
Winder j'Al ©) ¢ N~ i
Servo ' -
Motor ”
F . DC
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Figure 1. Cont.
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Figure 1. (a) Overall design of cable-driven rehabilitation robot. (b) Schematic diagram of the
mechanism of DC motor and servo motor.

2.2. Human Lower Limb Model

During rehabilitation training, the patient’s body is in a horizontal posture of pitching,
and the hip joints of the lower limbs are fixed in the middle of the bed. Considering the
movement of the lower limbs, the structure of the lower limbs is analyzed, and a coordinate
system in the lower limbs of the human body is established [33], as shown in Figure 2.
O — xyz is the global coordinate system, Oy is the hip position, which is used as the base
reference system O — Xoy0zo, Oy is the position of the end ankle and is fixedly connected
to the end ankle. The zero connecting rod is used to adjust the height of the hip joint and
without causing rotation. The intersection of joint 1, joint 2, and joint 3 intersect at one
point, which is the hip joint; joint 4 and joint 5 intersect at one point, which is the knee joint;
and joint 6 is the ankle joint, its rotation will not affect the end trajectory; d; is the length
of the thigh; and L, is the length of the lower leg. Table 1 shows the Denavit-Hartenberg
(D-H) parameter, and the comfortable range of motion of the human hip joint is determined
according to the maximum range of motion of the human hip joint [34]. In light of the
principle of kinematics [35,36], the transformation matrix of the lower limb PTis

P R3xz  P3xi

0 T= |: 0 1 :| (1)
where R3y3 is the rotation matrix and P54 is the spatial position, which represents the
orientation and position of the end ankle relative to the base reference coordinate system,
respectively. The posture changes of the end ankle can be obtained by reasonably planning
the angles of each joint. In the process of rehabilitation, the posture of the ankle joint is not
considered, and the position of the end lower leg is defined as the ankle joint. The position
expression in the base frame is given, as shown in Formula (2).

px = di1c152 + Lo(c5(s1534 + €1€2€34) + €15255)
py = dica + I (c285 — 82¢5C34) 2)
pz = di5152 — Lo(c5(c1834 — €1C2C34) — 5152C5)

where s; = sin®;, ¢; = cos ¥;, 5;; = sin(9; + 19]-), and ¢j; = cos(9; + 19j) (1,j =1,2,3,4,5,6).

Assume that the position vector of the hip jointis po = [ X0 o 2o ]T in the global
coordinate system, when the knee joint is not bent, only the hip joint is subject to rehabilita-
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tion training, thatis, 93 = —90, 94 = 0, 95 = 90, 96 = 0, let dy + L, = Db, at this time, the

position p,, and posture R, of the end lower leg are

Pox beysy Xo
Pop = Poy = beo + | Yo
Poz bs1s2 Zo
C15p —C1C2 —851
Rop = (05) So 0
5152 —s102 €1

®)

By deriving both sides of the position expression in Equation (3), it can be found that

the velocity v, of the lower leg of the human body is

}?ox Vox —bsysy  bcisy 9, '
Oop = poy = | Yoy = 0 —bsy 19 = K¢ 4)
Pos Vo bcis,  bsico 2
Hi])ljoint Knc(lz joint Ankle joint
= —~ o ™~
Vi Z6(p)
= .‘Pxf Ax, Zs Yo
Zs v g Xs(p)
o,
7 7o Y3 V4
Vs
< d; >C L, >
Figure 2. D-H coordinate system of human lower limbs.
Table 1. Lower limb D-H parameter.
Joint (7) w;_1/(0) L; 1/cm d;/cm 0,/(0) Human Joint Limits/(o)

1 90 0 0 21 0-60

2 90 0 143 60-135

3 90 0 0 U3 —135 to —45

4 0 0 dq Uy —10to 10

5 90 0 0 U5 90-210

6 0 Ly 0 Y —20to 45

By further derivation of Equation (4), the acceleration a,, at the end of the lower leg

of the human body can be obtained as

Z:]ox Aox iél
aOp = ’Z)Oy = aOy = K 19
Doz L Aoz 2
where . -
—bcisy,  —bsicn l?l
v —bsicp  —bcisy | 02 | T
4 =S
V= V2 = 0 0 19UT = 1.91 b, =
V- 0 —bCZ 192
3 —bsy1sp  —bcico F.oqT
—bCl(Jz —b5152 1,91
L L [p) I L

+8,7v8, (5)

&
8
6
9, (6)
&
8
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3. Kinematics Analysis of Rehabilitation Robot

The robot needs to complete the required actions smoothly and accurately. First, the
kinematics of the robot is analyzed, and the kinematic model of the robot is established.
The rehabilitation robot with m cables is shown in Figure 3a. Figure 3b shows a free body
diagram of the lower limb of three cables; Wi, W,, and Wj are the tension of the cables;
and G is the gravitational force on the lower limb; when the tension of one of the cables
increases, the lower limbs will move in the direction of the cable tension. The cables are
made of lighter materials, ignoring their own weight and sagging [37,38]; therefore, the
cable between the cable winder and the end limb can be regarded as a straight line.

(b)

Figure 3. (a) Kinematics model. (b) Lower limb free body diagram of three cables.

In Figure 3a, {O — xyz} is the global coordinate system, which is fixed on the first
column and is always fixed during rehabilitation training, and O is its coordinate ori-
gin; {Op — xyz} is the local coordinate system, which is the central point at the end of
the lower leg. It moves with the central point during movement, and Op is its coordi-
nate origin. The pose of O, — xyz at O — xyz can be written as X = [ pop!  ¢op’ ]T
Pop = [ Pxop Pyop Pzop ]T, and¢op =[a B v ]T is the position and orientation vec-
tor of the central point of the end lower leg, respectively, and «, 8, and -y represent the
rotation angle of the end lower leg around the x, y, and z axes of the local coordinate system.
The variable A; is the joint point between the cable and the cable winder, B; is the joint
point between the cable and the flexible belt, g; is the length of the cable, J; is the vector of
the cable length, u; = I;/4; is the unit vector of the cable, and gR represents the rotation
matrix from the local to global coordinate system. The position vector of point A; in the
global coordinate system is denoted by a;, and the position vector of point B; in the local
coordinate system is denoted by b;.

From the inverse posture solution, the posture of the end lower leg can be obtained as

4

_ —S51€2 — —5152 — 2
« = arctan = arctan = arctan
€1 'B V12592 4c52 7 €152 ()

From the posture of the end lower leg, we can obtain the angular velocity vector
T . . .
wp = [ Wpx Wpy Wpz ] of the central point relative to the local coordinate system as
_ i asisty—cby
Wpx =& = c1?+s1%cp?

wpy = B = (—c15201 — 510202) v/ 12522 + 22 + s152d (8)
— 4 = 51208 —crdy
Wpz =T =~ 25,2 50,2
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. T.
angular acceleration vector ey = | epx €py €pz | s

_ . _ _N-2Ny
€ =w =
- - (C12+C22512)f
Epy = Wy, = —4=5
pz pz (C12522+622)2

where
Ni = (e1? + ¢2%512) (2612 — 512 + 52) 8102 + 510102027 + 51015205 — €201
N, = sl(czﬁl — clslszﬁz)(slszczﬁl + c1522191)
N3 = (s152(81 + 02) — 2c1c20182) /12852 + ¢22
Ng = (612522 + 022) (51022022 + 102500185 + 5102520 + 51012 — 51522052 — ¢18)
N5 = sp(c191 — 5152285 (51520101 + €251202)
Ne = (—4ercpsisad102 + (52% — 02262) 852 + 522(1 — ¢151) 812 — €252°02) V/€12522 + 02
N7 = (—512$2C2192 — 522C151191)£;l

(10)

d—= —s1%55000y—sp%cys19y od = Ne—Ny
N 12892 +cp2
Assuming that the angular velocity vector of the end lower leg relative to the global co-
ordinate system is w = [wy wy w; ]T and the angular acceleration vector is
T . . s T
e=[ée & ¢ |, themotion velocity vectoris X, = [ vy v, v, wy wy; w; ]|,
which can be obtained from the principle of kinematics
' v Ixs O3x3 |4
X, = = X 11
’ { w } { 033 A v
where
cosBcosy —siny 0 _ o
A= | cosBsiny cosy O X = { ] (12)
. wp
—sinp 0 1

so there are w = Ewp, further available
¢ = Ewp + Eep (13)
Furthermore, the cable length vector can be obtained by the closed vector method,
li = a; = pop — pRb;, (14)

the length of the cable is
gi = |1l = lla; — pop — BRE;, (15)

and the quantity product of Equation (15) can be obtained as

g2 = ()71 = (ai — Pop — gRbi)T(ai — pop — gRbi) (16)

In the process of rehabilitation training, as cable winder A; will move on the rail
bracket, vector a; will change, the derivation is not zero, point B; is fixed relative to the
local coordinate system, vector b; is a fixed value, and its derivative is zero. The derivation
of time on both sides of Equation (16) is simplified

qig; = (1)" (di — Pop — gRbi) (17)
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due to gRb,' =w X gRbi, Equation (17) can be written as
qid; = (lz‘)T(ili — Pop — W X gRbi) (18)

Equation (18) divides both sides by g;, and the cable length speed is

ql. = uiT (al — pop —w X gRbi) (19)
= —u;" p,, — (BRE; x up)'w + ;"

by substituting (4) into (19),

g; = —u; K8 — (PR x ;) w +u;" (20)

Therefore, the relationship between the joint angle, moving velocity of the cable
winder and velocity of the cable is

g= -5 ¥ +EA 1)
where
T
T
5= | W WK (K (unK)' | o g
IQRbl X Ui gsz X Up gRbg XUz - gRbm X Um ’

which is the first-order influence coefficient matrix of cable motion on hip motion.

Eo=[ T [T T - [t )" (22)
[a1]
| Ty
A= [as] ””T_[w] (23)
]

By deriving the time at both ends of Equation (21), the kinematic acceleration of the
cable-driven rehabilitation robot can be obtained as

§= Y -5 ¥ +5,A+5,A (24)
where ;
so | (@xm)Kew @) (@ x ) K+ (8V)) 5)
w x (YRb1) x ug + (YRb1) x (wx u1) -+ @ X (YRbw) X t + (YRbw) X (W X )
: T . 3
EQZ{[wxul]T [wxuz]T [wxu3]T [wxum]T} ‘Pz[i} (26)

In summary, the kinematics of the rehabilitation robot are obtained through
Equations (15), (21) and (24). The change in cable length is related to the position and
orientation of the end lower leg, that is, the angle of the human hip joint. In the range of
motion of the hip joint, reasonably plan the joint angle and inversely solve the orientation
of the end lower leg through the analysis of kinematics theory, then the corresponding
relationship between the angle change of human hip joint and the change of each cable can
be obtained. Therefore, according to the angle relationship of the hip joint movement, the
length change and motion law of the cable in the system can be obtained.
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4. Trajectory Planning
4.1. Adaptive S-Shaped Speed Curve

To improve the rehabilitation effect of patients, it is necessary to adopt different
rehabilitation training modes, reasonably plan rehabilitation actions, and carry out targeted
rehabilitation training. Because leg length varies from person to person, it is necessary
to carry out trajectory planning in joint space, and then map to the cable length space of
the system through kinematics theory. The adaptive S-shaped speed curve can reduce
the impact on the control process during the movement of the robot, the whole process is
relatively flexible, and the whole curve has seven stages [39]. The adaptive S-shaped speed
curve adaptively adjusts the value of each time according to the parameters. Suppose we
know that the maximum speed ¢,, the maximum acceleration ¢, and the total running
time T during the movement, the initial displacement is Iy, the total running length is #,
and the intermediate variable s(t) is introduced, which is a function of time. The domain is
[0, T], the value range is [0, 1], and the expression of s(t) is

ot 0<t<d
bealt =0 + 55 (0 =0 + &2, 9 <t<d
—467(t=2)° + ea(t — 32 + (catz + §5)(t = 32) + deats? + £ 12 + £ 9 <t <
(—367t3% + Gats + Gata + $5) (£ = 33) — hojta® + deats? + (Gab2 + £ )13 -
+at? + fat2 + £ 95 < t <y
14§y (T — =32 — Jea(T — £ =32 — (Gala + 52)(T — £ = 32) — Jeats ~ S5 /t2 — &7 4 <t <05
1—%ga(T—t—al)z—%(T—t—al)—5;]32 d5 < t < g
1—Llep(T -1 dg <t <y
where T = 7 = i+t +tl3+ta+ts+te+1t7, ¢ = 7%”5”_25:2_% represents jerk,

ox(k=1,2,---,7) represents the moment when the kth segment of the movement process

ends, and t;(k = 1,2, - - ,7) represents the time required for the kth segment displacement,
where t; = g—”;, t) = g—;’ - %/ t3 = g—”},t4 =T-— 2% - %, ts = t3, tg = to, t7 = t1. Therefore,
the joint angular displacement, velocity, and acceleration of the S-shaped velocity curve are

I(t) =g+ sh
Go(t) =sh (28)
ga(t) = sh

4.2. Polynomial Programming Based on S-Shaped Curve

For rehabilitation training with patient participation, the rehabilitation action is mainly
repetitive action, which should ensure that the rehabilitation patients feel comfortable, and
the motion curve should be smooth to avoid a large impact. Therefore, the cable length
should change continuously, and the cable tension should be smooth. The acceleration of
cable length will affect the cable tension, so it is very meaningful to analyze the acceleration
change of cable length. The S-shaped curve is selected to plan the trajectory, and the
displacement, velocity, and acceleration curves are stable, but there is still a problem of
poor compliance in the acceleration and deceleration stages. However, with polynomial
planning, most of the speed curves obtained are acceleration and deceleration sections. For
rehabilitation patients, there is a certain uniform stage in the initial stage of rehabilitation,
which is more conducive to the recovery of limb movement. Therefore, a quintic polynomial
programming method based on an S-shaped curve is proposed in this paper. First, the
S-shaped speed curve is selected to plan the middle point, and then the obtained middle
point speed is used to optimize the acceleration and deceleration stage of the path with
quintic polynomial interpolation. The planning flow chart is shown in Figure 4. We directly
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plan the trajectory of human joints. According to the kinematic analysis of the rehabilitation
robot, the joint angle will affect the change of the cable, the change of the cable will directly
affect the trajectory in task space by the closed vector method, therefor, the smooth change
of the cable will make the smooth change of the trajectory in task space.

Plan the
Actio_n | intermediate | Interpo}ation
selection angle value of algorithm
each joint )
Positive
The end track Solutions of Angle value of
of the limb ' Limb - | each joint
Kinematics

Syst
KinZ;a:[iﬂcs Change value Complete
Inverse L | of each cable ———» exercise
Solution length planning

Figure 4. Planning process.

Taking the joint angle as a function of time, the expressions of angular displacement,
angular velocity, and angular acceleration are

O(t) = Ko + K1t + xot? + 131> + xgt* + K510
B(t) = K1 + 2uot + 3312 + dicyt> + Srstd (29)

ﬂ(t) = 2Ky + 6x3t + 12K4t2 + 207(5[‘3

the conditions to be met in the initial stage are

8(0) = 9, 9(0) = 0,8(0) =0

) § (30)
19(83) = 1933,19(83) =0, 19(83) =0
the conditions to be met in the termination stage are
0(94) = 85,,8(3) = 0,8(35) =0 1)
#(97) = 0, 0(d7) =0,8(d7) =0
the joint displacement can be obtained by simultaneous (29)—(31)
10(8, —8) —40vd 15(8— 0, )—70d 6(8;, —0)—3vd
9 + (aSasg) 9345 (%0 azz) 99344 (%5, 3305) v93 5 0<t<ds
1933 +sh d3 <t <dy (32)
10(8, —83,) —60d 15(8— 05, )+80d 6(8;,—0,,)—300
9, + ot + (P, 37934) g B aji)+”7t4+ (P, ajé) T oy <t<oy
the joint angular velocity is
30(1933 7619303)712033 t2 + 60(19071965.)334)728033 t3 + 30(1933 7819305)7151733 t4 O S < 83
sh d3 <t <0y (33)
30(19377139315)718037 t2 + 60(190*%37,74)+32087 t?’ + 30(&377;9:%)715037 t4 84 S ¢ < 87
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the joint angular acceleration is
“ 60(19332;93%)724178%_’_ 180(1907223)7841783 2. 120(:933;1392)760@3 B 0<t<os
o(t) sh 03 <t <dy (34)
60(@97722%)736718%_’_ 180(00—§:Z)+962167 24 120(1937730;954)760087 B o <t<d
where 19ak,193k,i9ak(k = 1,2,---,7) are the angle, velocity, and acceleration at time

Ok, respectively.

5. Simulation Results

To verify the effectiveness and feasibility of the proposed planning algorithm, the
simulation test is carried out with a rehabilitation robot platform driven by three cable
certificates. Figure 5 shows the cable-driven rehabilitation robot platform. The size of
the robot is 200 cm * 160 cm * 200 cm. The movement of the cable winders will change
the working space and performance of the robot. The control strategy adopted in this
study is as follows: set one cable winder as a fixed point, its coordinates in the global
coordinate system are a; = [40 cm, 80 cm, 200 cm] T, and the other two cable winders
move with the end limbs on the rail brackets, and the coordinates are a; = [x,,0,200 cm] T
az = [x3,160 cm, 200 cm] T, thatis, xp = x3. The position of the connection point of the cable
and the flexible belt in the local coordinate system is b; = [0,0,5 cm]T, by = [0, —4 cm, 0] T,
bs = [0,4cm, O]T. According to the body size of a normal adult human, the length of
thigh d; is estimated as 50 cm and the length of lower leg L, is 40 cm. To achieve a better
rehabilitation effect, three point-to-point paths are planned, and the planning time for
each path is 6 s. The angular displacement, maximum angular velocity, and maximum
angular acceleration of joint 1 and joint 2 are shown in Tables 2 and 3. The terminal
trajectory diagram is shown in Figure 5, and it can be observed that the three paths are all
arc-shaped. The desired motion starts from point D(170, 80, 80) and passes through points
E(134.4,49.2,144.8), F(134.4,110.8,144.8), before finally returning to point D.

200
150
Path two
E F
= 100 J E
©
N Path Path three
ath one
50 .

200

0 S0 y-ais! cm

Figure 5. Terminal trajectory.
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Table 2. Constraints of joint 1.
Joint 1 Angular Maximum Angular Maximum Angular
Displacement (°) Velocity (°/s) Acceleration (°/s?)
Path one 0-50 13 25
Path two 50-50 0 0
Path three 50-0 13 25
Table 3. Constraints of joint 2.
Joint 2 Angular Maximum Angular Maximum Angular
Displacement (°) Velocity (°/s) Acceleration (°/s?)
Path one 90-110 5 10
Path two 110-70 10 20
Path three 70-90 5 10

-
o

The fifth-order polynomial planning method based on the S-shaped curve is now used
for hip joint spatial trajectory planning. Figure 6 shows the velocity and acceleration curves
of joint 1 and joint 2 under three paths: Figure 6a,b is path one, Figure 6¢,d is path two,
and Figure 6e/f is path three. The joint angular velocity and acceleration on each path are
within the constrained maximum joint angular velocity and acceleration range, and the
start and end parts slowly transition to the final value. The middle section is a constant
speed section, the whole process is relatively smooth, and there is no jitter phenomenon,
which is beneficial to improve the comfort of the recovered person. Figure 7 shows the
curve of the cable acceleration change under the S-shaped speed curve. The acceleration
peak is large, and the smoothness of the curve is poor. Figure 8 shows the length, speed and
acceleration curves of 3 cables with time under the fifth-order polynomial programming
method based on the S-shaped curve. In the figure, the cable length, speed, and acceleration
change curves are smooth and continuous. Due to the symmetrical path changes, cable 1
changes to a symmetrical distribution, and the remaining cable lengths have periodicity
and grouping similarity; therefore, the change laws of cable two and cable three are similar.
At the end of each path, the speed and acceleration are zero, and there is no sudden change.
Compared with the S-shaped speed curve planning method, the fifth-order polynomial
planning method based on the S-shaped curve shows stable acceleration and a smaller
peak value and has a better planning effect.

42)

-
(=]

o
T

o

s
5

——Joint 1
---Joint 2

—— Joint 1
---Joint 2

Joint angular velocity/(°-5'1)

Joint angular acceleration/(°

Figure 6. Cont.
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Figure 6. Joint velocity and acceleration under three paths: (a) Joint velocity of path one; (b) Joint acceleration of path one;
(c) Joint velocity of path two; (d) Joint acceleration of path two; (e) Joint velocity of path three; (f) Joint acceleration of

path three.
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Figure 8. The cable length change based on the fifth-order polynomial of the S-shaped curve:
(a) Length variation of cables; (b) Velocity variation of cables; (c) Acceleration variation of cables.

The significant optimality criteria for trajectory planning are minimum jerk and
minimum energy. As the control of jerk coincides with the torque rate control, the jerk
can affect the smoothness of the trajectory [40]. Reducing the jerk will lead to a smoother
trajectory [41]. Limiting the jerk of the trajectory contributes to extend the life of the
robot and improves tracking accuracy. The rehabilitation training process requires that
the trajectory is smoother and stable and that the energy consumed by the motors is as
small as possible. Smooth trajectory is easier to track and reduces the stresses to the
actuators. The smoother trajectory can also improve the rehabilitation effect. Reducing
energy consumption can achieve the purpose of energy saving. Similar to the work
in [42], the index to measure the smoothness of the trajectory is introduced, as shown
in Equation (35). The objective function is the time integral of the squared cable jerk
throughout the motion. The smaller the index values are, the smoother the trajectory.
The energy consumption of the motors is mainly used to drive the change of the cables.
Equation (36) is an index that measures the amount of energy consumed by motors. The
objective function is the time integral of the squared cable acceleration throughout the
motion. The smaller the index values are, the smaller the energy consumption.

H
N 1 )
51 = Z H/Lﬁ dt (35)
0

H
N 1 )
S55=) ﬁ/uwt (36)
0
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where S;—the index to measure the trajectory, Sy—the index to measure the energy con-
sumption of the motors, H—the total time for the robot to complete the task trajectory,
Lji—the jerk of cables, L,;—the acceleration of cables, N—the number of cables, and N = 3.

Table 4 shows the trajectory smoothness and energy consumption under the three
planning methods. The index value under fifth-order polynomial planning is the largest,
S1 = 7.4505, S; = 29.8935. The reason is that the planned curve does not have a uniform
speed section, and the entire planning process has been in a state of acceleration and
deceleration, so the energy consumption is relatively large. Compared with the S-shaped
planning, the two index values under the fifth-order polynomial planning based on the
S-shaped are the smallest, 5;= 5.8320, S, = 27.8875. Indicating that the trajectory planned
by this method is smoother and the motor consumes less energy, which is suitable for
patients to perform rehabilitation training.

Table 4. Performance indicators under the three trajectory planning methods.

Fifth-Degree Polynomial Quintic Polynomial

Index Programming Based on S-Shaped Curve .
Programming
S-Curve
51 5.8320 6.3689 7.4505
Sy 27.8875 28.0933 29.8935

6. Experiments of Rehabilitation Robot

This study carries out the experimental verification of a cable-driven rehabilitation
robot platform built in the laboratory, as shown in Figure 9. The entire control process
is shown in Figure 10. The PC is selected as the upper computer controller of the robot,
its main configuration is Intel(R)Core(TM)i5-3210, CPU@2.50 GHz, the programming
environment is MATLAB2016 (64-bit), and the controller is STM32F103ZET6 embedded
processor system. The DC motor is a low-voltage type DC reducer motor DC_24V, the
model number is JM-039, and its maximum load is 200 kg. The servo motor is bus type
stepper motor DC_80V with high control accuracy, the model number is 86]12156EC-
1000-60-SC, and its maximum torque is 12N /M. The motors selected can meet the load
requirements for rehabilitation.

Servo
Motor Rail Bracket
Crossbeam DC Motor and
Encoder
Cbale
Winder Cable
Flexible
Column Belt
i Servo
Wireless Pt
Screen

Figure 9. Experimental platform.
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Figure 10. Control process.

First, we determine the patient’s leg length parameters and servo ID, initialize the
corresponding parameters, and then the host computer and the controller send and receive
data through the wireless serial port. The controller receives the data and analyzes and
sends the control command to the bus by CAN communication, and the servo motors and
the DC motors receive the command and perform actions.

The experimenter’s hip joint was fixed to the bed, and 3 cables were used for a cycle
of rehabilitation, as shown in Figure 11. The length change of cables is measured with
an absolute encoder with a resolution of 2! p/r, as shown in Figures 12-14. It can be
seen that there is some fluctuation in the cable length change, which may be due to the
encoder jitter caused by the cable winder rotating with the cable exit point. Moreover, there
will be sliding between the cables and pulleys, which may also make the cable length to
fluctuate. Especially, the length of cable 1 fluctuates more seriously in path two; this occurs
because cable winder A1l keeps rotating on this path. In the future work, we can improve
the mechanical structure to make the rotation of the cable exit point smoother and increase
the friction between the cables and the pulleys.

180 : : : : :
—Cable 1

Figure 12. Length variation of cable 1.
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7. Conclusions

A new type of cable-driven rehabilitation robot was designed. To achieve a better reha-
bilitation effect, kinematics analysis was carried out, and a new trajectory planning method
was used to design the robots” motion. The feasibility of the method was verified by a simu-
lation. The D-H method is used to derive the kinematic equations of the lower limbs when
the human body is in the prone posture. When the knee joint is not bent, the displacement,
speed, and acceleration of the end lower leg are analyzed. When the cable winders move
along the rail bracket, a closed vector method was used to establish the kinematic model of
the robot, and the relationship between the human joint angle and the cable length change
was deduced. A quintic polynomial trajectory planning method based on an S-shaped
curve is proposed, and the performance of the three planning methods is analyzed through
two indicators. The results show that the trajectory under the new planning method is
smoother, the motor consumes less energy, and it is suitable for patients’ rehabilitation
training. The next step is to study robot dynamics and control strategies.
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