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1. Introduction

With the progress of science and technology and
the improvement of the environment, the global per capita
life expectancy has generally increased, and the aging of the
population has become increasingly significant [1]. Low
back pain caused by aging is the main cause of disability,
which makes the daily life of many elderly people unbeara-
ble [2]. Low back pain is closely related to the activity of
the human hip joint [3], and the damage of the hip joint has
become a major obstacle to the cure of low back pain. Re-
habilitation medicine research has found that intensive ex-
ercises through repetitive movements can help improve joint
strength and promote joint function recovery. At present, re-
habilitation doctors are in short supply and expensive to
hire. Compared with human rehabilitation, hip joint rehabil-
itation robots have a new way of rehabilitation for people
with hip joint injury due to their high efficiency, specializa-
tion and human-robot interaction [4].

At present, series hip exoskeleton is still the main
force in this field. Yu et al. [5] developed a collimated-drive
hip exoskeleton. Zhou et al. [6] designed an unpowered hip
exoskeleton. Kawashima et al. [7] designed a Honda stride
management assist device. The Institute of Automation,
Chinese Academy of Sciences (CAS) et al. [8-10] developed
an APO exoskeleton.

However, compared with the series mechanism,
the parallel mechanism has become the best choice for the
hip rehabilitation exoskeleton structure with its advantages
of good stability, high stiffness and high motion accuracy.
Wang et al. [11, 12] designed a biological fusion hip exo-
skeleton based on 2-UPS+S (Numbers represent the number
of branches, U represents a Hooke joint, P represents a pris-
matic joint, and S represents a spherical joint. The same ap-
plies below) parallel mechanism. The exoskeleton equates
the human hip joint as a spherical joint and forms a complete
parallel mechanism with 2-UPS parallel mechanism to assist
the human body. Xu et al. [13] designed a biological fusion
type of medullary joint exoskeleton based on 3-RRPS/S (R
represents a revolute joint, and the same applies below) par-
allel mechanism, which also equivalent the hip joint to a
spherical joint and works together with 3-RRPS parallel
mechanism, reducing the nonlinear degree of the exoskele-
ton input and output, making the exoskeleton have certain
motion decoupling characteristics, which is conducive to
motion control and improving the force transmission perfor-
mance of the exoskeleton. Shi D et al. [14] proposed a 2-
UPS/RRR parallel hip rehabilitation mechanism with virtual

transmission center, which can realize three degrees of free-
dom motion of human hip joint sagittal plane movements,
frontal plane movements and transverse plane movements.
Li et al. [15] designed a two-degree-of-freedom parallel hip
joint assist mechanism with two UPS+UPR branched chains
to assist the human hip joint in sagittal plane movements and
frontal plane movements. Jia et al. [16] proposed a rehabil-
itation parallel mechanism with two degrees of freedom to
realize the decoupling motion of flexion extension and re-
traction at the hip joint, reducing the control difficulty.
Huang et al. [17] designed a 4-UPUR+RR parallel structure
of hip rehabilitation exoskeleton, which realized the decou-
pling of hip rotation and movement, and improved the hu-
man-robot interaction performance of the exoskeleton.

The above-mentioned hip exoskeleton can be
roughly divided into two types: biological fusion type and
bionic type. The former takes the human hip joint as a spher-
ical joint to participate in the assist process of the exoskele-
ton, so that the motion of the hip joint can be determined.
Without the participation of the hip joint, the mechanism has
six degrees of freedom. The latter simulates the three rota-
tional degrees of freedom of the human hip joint to design a
parallel hip exoskeleton with two or three degrees of free-
dom, allowing the mechanism to have two or three direc-
tions of assistance. However, the biological fusion exoskel-
eton of the hip joint forces the human hip joint to participate
in the movement of the whole mechanism, so that the human
hip joint has to bear a certain force, which has a certain use
pressure for the people whose hip joints have been damaged,
but it does have a good help effect for the people with
healthy hip joints, and always keeps the motion center of the
mechanism coincide with the rotation center of the human
hip joint, which indicates that this kind of exoskeleton is
more suitable for the help of healthy people or the extreme
movement beyond the force range borne by people. Alt-
hough the bionic exoskeleton does not have the characteris-
tics of keeping the motion center of the mechanism and the
rotation center of the human hip joint always coincide, it can
avoid the human hip joint from bearing large pressure and
fully meet the rotation requirements of the human hip joint
in a small range, such as the 3-RRR spherical parallel mech-
anism, which has the advantages of miniaturization and
lightweight in addition to the advantages of parallel mecha-
nism [18,19], which has more prominent advantages in the
field of hip rehabilitation, can reduce the user's burden and
promote the rehabilitation training; The driving of the revo-
lute pair of the 3-RRR mechanism is a revolute pair, and its
bearing capacity is slightly insufficient. The parallel mech-
anism configuration with direct connection between the
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moving platform and the static platform has the characteris-
tics of high stiffness and strong bearing capacity [20].
Therefore, 2-SPS-RRR mechanism with the advantages of
spherical mechanism and mobile driving is more suitable for
the application of hip rehabilitation exoskeleton.

In this paper, a wearable spherical parallel hip ex-
oskeleton with adjustable rotation center is designed based
on 2-SPS-RRR parallel mechanism. The exoskeleton has
the advantages of large rotation space, high dexterity, ad-
justable rotation center, strong bearing capacity, simple
structure and easy control in the rehabilitation training of
human hip joint. The mechanism can assist the human hip
joint in sagittal plane movements, frontal plane movements
and transverse plane movements, and improve the rehabili-
tation efficiency of the user's damaged hip joint.

2. Human Hip Joint Motion Under Normal Walking
Based on AnyBody

The hip joint is the largest and most weight-bearing
joint in the human body [21]. As a multi axial joint, it can
achieve sagittal plane movements, frontal plane movements
and transverse plane movements, as shown in Fig. 1. During
walking, the sagittal plane movements of the hip joint can
help the body move forward in a straight line, the frontal
plane movements of the hip joint can coordinate the body’s
position and the transverse plane movements of the hip joint
can assist the body in turning.

The ergonomics and biomechanical analysis soft-
ware AnyBody has powerful functions in analyzing the
characteristics of the human skeletal muscle system and ten-
dons [22]. In this paper, the motion mode of the human body
under normal walking was loaded into AnyBody software
and the motion curve of the hip joint was obtained as shown
in Fig. 2. From the curves, it can be seen that during normal
walking, the hip joint undergoes sagittal plane movements
around the coronal axis with a rotation angle between -30°
and 18°; The rotation angle of the frontal plane movements
around the sagittal axis is between -10° and 10°; The trans-
verse plane movements around the vertical axis has a rela-
tively smaller range of rotation angles compared to the pre-
vious two, with rotation angles ranging from —5° to 6°.
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3. Structure Design of Adjustable Hip Exoskeleton

Fig. 3 shows the overall model of the exoskeleton
of the spherical hip joint. The mechanism is composed of
three parts from top to bottom: first, the fixed static platform
that directly contacts the waist of the human body and is also
the part of the exoskeleton centering mechanism; Secondly,
the 2-SPS-RRR parallel mechanism, which is the core part
of exoskeleton participating in motion, is the most critical
part of exoskeleton undertaking a series of motion tasks.
The rotation center of human hip joint and the motion center
of mechanism are adjusted and overlapped after wearing;
Finally, a fixed moving platform bound to the human thigh.
Details are described below.

Lumbar fixed
static platform

Hip joint rotation
— Moving center

2-SPS-
RRRpower unit

Human thigh

Leg fixed moving

Elastic bandage platform

Fig. 3 A holistic model of the rehabilitation mechanism

3.1. Design of adjusting structure of mechanism rotation
center

After some hip rehabilitation exoskeletons are
worn on the human body, they need to be worn again be-
cause the rotation center of the exoskeletons is inconsistent
with the rotation center of the human hip. Although some
hip exoskeletons can adjust the rotation center, the adjust-
ment structure needs to be manually adjusted by external
manpower, which affects the user's rehabilitation experi-
ence to a certain extent.

Based on the above situation, this paper designs the
rotation center adjustment structure as shown in Fig. 4. The
inner part of the ring structure is embedded with a mobile



drive that can move forward and backward, left and right,
and up and down. The outer part carries a corresponding
drive motor, which can be driven and controlled by a single
chip microcomputer. Among them, the driving pair that ad-
justs the up and down movement is connected with the ring-
shaped fixed static platform and 2-SPS-RRR parallel mech-
anism. One side of the driving pair that adjusts the front and
rear left and right movement is embedded in the ring-shaped
fixed static platform, and the other side is embedded in the
elastic bandage platform that is worn in direct contact with
the human body in the form of a guide rail. Before the user
puts on the exoskeleton and starts the rehabilitation training,
when adjusting the rotation center, the user can control the
drive motor connected to the ring-shaped fixed static plat-
form to drive the self-aligning moving pair. The four mov-
ing pairs for fore-and-aft direction adjustment, the two mov-
ing pairs for left-right direction adjustment and the four
moving pairs for up-down direction adjustment run to-
gether, and finally realize the self-aligning purpose. After
the adjustment is completed, the motor can be locked to lock
the self-aligning structure. The fixed static platform is fix-
edly connected with the static platform of the 2-SPS-RRR

parallel mechanism as a whole.
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Fig. 4 Mechanism rotation center adjustment structure
3.2. Design of 2-SPS-RRR parallel mechanism

As shown in Fig. 5, the wearable spherical exoskel-
eton 2-SPS-RRR parallel mechanism is composed of a static
platform 414,43, a moving platform BB,B3, two identical
SPS branched chains (branched chain I and branched chain
IT) and four spherical rods with the same curvature (member
I, member II, member III and member IV). The branched
chain I is connected to the static platform through the spher-
ical pair S at 4;, and also connected to the moving platform
through the spherical pair S at Bi. The upper and lower
members of the branched chain I are connected through the
prismatic pair P. The connection mode of the branched
chain II is exactly the same as that of the branched chain I.

Member 111

Branched
chain II

Branched
chain 1

Bi
Fig. 5 2-SPS-RRR parallel mechanism
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The members I and III are connected to the static platform
through the revolute pair R at 45, the members II and I'V are
also connected to the moving platform through the revolute
pair R at B, the members I and II are connected through the
revolute pair R, and the members III and IV are connected
through the revolute pair R. The curvature center of the
members I, II, IIT and IV is point O. Because bar III and bar
IV play exactly the same role as member I and member II in
addition to improving the stability of the mechanism during
operation, the mechanism is essentially a 2-SPS-RRR spher-
ical hip joint parallel mechanism.

3.3. Design of fixed moving platform bound to legs

The fixed moving platform and 2-SPS-RRR paral-
lel mechanism are also connected by the driving pair that
adjusts the up and down movement. This part can carry out
the up and down, front and back, left and right follow-up
movement when the fixed static platform is aligned. After
the fixed static platform is aligned, the user can drive the
motor to lock the follow-up pair. The fixed moving platform
is fixedly connected with the moving platform of 2-SPS-
RRR parallel mechanism as a whole.

4. Kinematics of the Spherical Hip Joint
4.1. The degree of freedom of the mechanism

First, the corresponding coordinate system is estab-
lished on the mechanism shown in Fig. 6: the spatial rectan-
gular coordinate system is established with the spherical
center O of the spherical hip joint parallel mechanism as the
origin, OZ axis is vertical upward, OX axis is horizontal to
the right, and the establishment of OY axis conforms to the
right-hand coordinate system rule; The coordinate system
Ai-xyz is established on the branched chain I, in which 4,z
axis, Aix axis and 4,y axis are parallel to OZ axis, OX axis
and OY axis and have the same direction.

The degree of freedom of 2-SPS-RRR parallel
mechanism is analyzed using screw theory [23, 24]. The
kinematic pair is represented by the form of the screw of the
kinematic pair, and the degree of freedom of the mechanism
is solved by analyzing the screw of these kinematic pairs.

According to screw theory, the kinematic screw
system of branched chain I is:

$,, =(1,0,0;0,0,0)
$,, =(0,1,0,0,0,0)
8, =(0,0,1,0,0,0)
8., =(0,0,0;0,0,2,) )
8,5 =(1,0,0,0,2,,0)
8,6 =(0,1,0,-z,,0,0)
8, =(0,0,1,0,0,0)

It can be seen from the moving screw system of
branched chain I, $;5 and §,; are exactly the same, and it is
not linearly correlated with the other five pairs of screw. Ac-
cording to the reciprocity screw theory, the branched chain
has no constraint on the position and orientation changes of
the moving platform. In the same way, the branched chain
IT has no constraint on the position and attitude changes of



the moving platform.

The four revolute pairs located in the spherical sur-
face of the mechanism can be expressed as follows accord-
ing to the screw theory:

3, Z(al,O,cl;O,O,O)

55 =(a2,b2,0;0,0,0) o
53 =(a3;0,C3;0,0,0) .

L9 :(614,b4,0,'0,0,0)

And the reciprocal product of the moving screw
and the constrained screw is zero, thus the three anti screws
of Eq. (2) are

%3, =(10,0,0,0,0)
$3, =(0,1,0;0,0,0). (3)
%5, =(0,0,1,0,0,0)

The reverse screw of Eq. (3) can be obtained, and
the kinematic screw system of the whole mechanism is:

8 =(1,0,0;0,0,0)
85 =(0,1,0,0,0,0),
875 =(0,0,1;0,0,0)

“4)

To sum up, 2-SPS-RRR spherical hip joint parallel
mechanism has three rotational degrees of freedom around
x axis, y axis and z axis, and the modified G-K formula
shown in Eq. 5 verifies the correctness of the degree of free-
dom solution.

M=d(n—g—1)+iﬁ+v—§=3, (5)

where, M is the degree of freedom of the mechanism; the
mechanism has no public constraint, the order of the mech-
anism is d = 6; n is the number of components including the
rack, n = 8; g is the number of motion pairs, g =9; f; is the
number of degrees of freedom of the i, kinematic pair; there
is no parallel redundancy constraint in the mechanism,
v = 0. There are two local degrees of freedom in the mecha-
nism, = 2.

4.2. Inverse solution analysis of the mechanism position

The closed vector method is used to analyze the in-
verse position of 2-SPS-RRR parallel mechanism.

As shown in Fig. 6, a static coordinate system O)-
Xi1Y1Z; is established at the center of the static platform,
where O1X; axis points to 41, O1Y) axis points to 4, and
0.7, axis is determined by the right-hand rule. Since the ro-
tation center of the three rotational degrees of freedom of
the mechanism is located at the center of the RRR spherical
rod, and in order to avoid unnecessary concomitant move-
ment, a dynamic coordinate system O-XYZ is established at
the center of the RRR spherical branch, where the OX axis,
OY axis, and OZ axis are parallel to the O1X; axis, 0,7 axis,
and 0.7, axis, respectively, and the directions are con-
sistent. The circumference radius of the moving platform is
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R, and the circumference radius of the static platform is r.

Define the rotation angles of moving platform
B1B»B; around OX OY and OZ axes are respectively ex-
pressed in y, 6 and ¢, S| and S, are the axes of the rotation
pairs at 4, and B», Si and S, axes can be regarded as the
rotation equivalent axes of the spherical mechanism, and the
rotation angles of the Si and S, axes are respectively ex-
pressed in 0, and 6,. The intersection with S; and S is the
spherical center O of the RRR spherical branched chain.
When the mechanism is in the initial position, the moving
platform is parallel to the static platform, the quadrilateral
composed of four points 41818343 is a rectangle and parallel
to the moving and static platform, and the spherical rods I
and II and spherical rods III and IV are close to the point O
passing through the ball center and perpendicular to both
sides of the plane of the quadrilateral 41B81B343. Let 6, and
6, angles at the initial position be 0, the vertical distance
from the ball center O to the static and moving platforms be
/, and the vertical distance to the quadrilateral 41818343 be
m.

Setting the prismatic pairs in the two SPS branched
chains of the mechanism and the revolute pair at B, where
the RRR branched chain is hinged with the static platform
as the driving pair, the relationship between the moving
drive P, P, and angle drive ¢, and the rotating angles vy, 6
and ¢ of the moving platform can be established.

VA

9%
A Member 111
..... All
G
Branched $34
chain I
cham kY
Branched
chain II
Member IV

Fig. 6 2-SPS-RRR schematic diagram of inverse coordi-
nate solution for the parallel mechanism

4.2.1. Inverse kinematics solution of 2-SPS

In the static coordinate system O;-X;Y>Z3, the co-
ordinate of the point 4; is

A1 (R, 0,0), 4> (0, R, 0), 43 (-R, 0, 0)

In the moving coordinate system O-xyz, the coor-
dinate of the point 4; is

By (r,-m, -I), B> (0, r-m, -I), B3 (-r, -m, -I)

The RPY angle is used to represent the rotation
transformation matrix R of the moving platform point B; rel-
ative to the static platform point 4;, then the rotation matrix
R can be expressed as
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ChCy
‘R=R,,, (1//,6’,¢) = Rot(z,¢)R0t(y,9)Rot(x,t//) =|CyS, S, 8p85+C, Cy C,SpS—S,C4 | 6)

—S, s, ¢,

S, S9Cs—C, Sy C,S5Cs+S, S,

¢, ¢y

Since the mechanism has no degree of freedom of
movement along X-axis, Y-axis and Z-axis during its move-
ment, there is x =0 according to the position relationship

Here and further in the equations sy=sin 6, s4=sin @,
Sy = Sin W, cog=cos 6, cs = cos ¢, c,,= cos y.
B; is represented by B’; in the static coordinate sys-

tem, with between point O and point Oy, y =m, z=—I.
X, Xp,
B =y, |= Ry |+0O. (7)
z 93

rCyCy _m(swse% _cwsw)_l(cwsﬁcfﬁ +sws¢)

Bl' =1 reys, —m(sws9s¢ +cwc¢)—l(cws9s¢ —swc¢)+m ,

—rsy—ms,c, —lc,c, =1

(r=m)(s, 50¢5 =€,55) =1 (e, 5065 +5,5,)

B; = (r_m)(swsﬂsaf +CV/C¢)_Z(C‘/’SQS¢ _SV’C¢)+m ’ ®)
(r—m)swco —lcwco -1

—rc,c, _m(swsgclﬁ —cws¢)—l(cq/s9c¢ +SWS¢)

B, = rces¢—m(sv,s6.s¢+cwc¢)—l(cwsgs¢—swc¢)+m .

—rsy —ms,c, —lc,c, =1

Branched chain 2-SPS existence constraint equa-
tion P; =|B'~A4,|. Therefore, the inverse equation of P; and P,
of the moving pair drive is:

PR =|B —4|= M + M, +M,

, ; )
P, =|B, - 4| =N, + N, + N,
M, = (rce c¢—m(sw SpC4—C, s¢)—
_l(cwsgc¢+sws¢)—R)2, (10)
N, = (—rc€c¢ —m(swsgc,z, —cws¢)—
—l(cwsgc¢ +sws¢)+R)2, an
M, =N, :(rcb,s¢ —m(swsgstp +cwc¢)—
_l(cws6s¢—sV,c¢)+m)2, (12)
2
M,=N, = (—rso —ms,c, —lc,c, —l) . (13)

4.2.2. Inverse kinematics solution of 2-RRR branched chain

In order to solve the inverse solution of the rotation
drive 0, at 4, it is advisable to make the vertical plane P; of

the S| axis and intersect it at 4> point, and then make an isos-
celes triangle AoDE with an obtuse angle of 100° in this
plane. The vertex is 4, point, and the straight line of the bot-
tom edge of the triangle 4,DF is located in the plane P, of
the spherical RRR mechanism passing through the ball cen-
ter and parallel to the initial position of the moving platform
and the static platform, and the vertical line of the bottom
edge of the triangle passing through the ball center O and
intersecting with the bottom edge at point C, as shown in
Fig. 7. The swing amplitude of the segment 4>C passing
through A in the triangle 4,DFE during the rotation of the
moving platform is the change angle of 8. The coordinate
of point C is C = (0, R-m+{ tan50°, 0).

C is represented by C' in the static coordinate sys-
tem, with

X Xc
C'=|y.|=1R|y |40, (14)
T ic

(R—m+l1an 50°)(swsgc¢ —cv,s¢)
C = (R—m+ltan50°)(sws€s¢+cwc¢)+m . (15)
(R—m+1tan50°))s,c, -1




Plane P iperpendicular
to axis S

Plane P 2 parallel to
the dynamic and
static platforms

Fig. 7 Schematic diagram of 2-SPS-RRR spherical mecha-
nism

The triangle 4,DE and line segment 4,C are pro-
jected to the moving coordinate system O-XYZ as a triangle
AsD\E) and line segment 44C). At this time, the swing am-
plitude of line segment 4,C during the rotation of the mov-
ing platform is equivalent to the swing amplitude of line
segment 44C) in triangle 44DE; in the XOZ plane of the
moving coordinate system O-XYZ, that is, the angle of
change of angle, which can be obtained from the geometric
relationship.

tan@ =tan ZC,A,C, = |C1C1'|/|C1A4| =
= e /6 =)

Therefore, the inverse equation of #; driven by the
revolute pair is:

(16)

6, = arctan ZC,A,C, . (17)

In this way, the relationship between the move-
ment drive Py, P> and rotation drive 6, of the mechanism and
the rotation angles v, 6 and ¢ of the moving platform is es-
tablished, and the inverse kinematics analysis is completed.

4.3. Velocity Jacobian matrix analysis
By deriving the equations of the inverse solution of

the mechanism position from y, 8 and ¢ respectively, it can
be obtained that:

o _a |Op, _a, [00, _a;
oy d, |oy d, |0y d,
o _b |op, _b, |00, by (18)
00 d, |00 d, |00 d,’
o | |06 &
op d, |06 d, |09 d,

The details of a1, b1, c1, d1, a2, bz, c2, d2, a3, b3, c3,
ds in Eq. (18) are given in the Appendix A at the end of the
paper.

The pose parameters y, 6 and ¢ of the mechanism
are functions of time ¢, so the velocity Jacobian expression
is obtained by sorting out the above formula
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i’lza‘y/+b‘0+c‘¢
dl

S _ayihOred

Py =BV rad (19)
2

é1:a3y/+b30+c3¢
d3

Rewriting the above formula into matrix form:

P |4

J|p,|-G|o|=0, (20)
0, ¢
where, matrices J: and G are respectively:

dl

J, = d, , 21

d,

a b ¢

G=|a, b, c (22)
a; by ¢

Then the first-order velocity Jacobian matrix of the
mechanism is:

J=J'G. (23)

5. Reachable Workspace Analysis

Workspace is an important indicator to measure the
performance of a mechanism. The structural parameters of
2-SPS-RRR hip exoskeleton spherical parallel mechanism
are shown in Table 1.

Table 1
Structural parameters of spherical exoskeleton hip joint
parallel mechanism

Structure parameters Numerical

value
Circular radius of the static platform 110 mm
Circular radius of the moving platform 110 mm

Distance from the ball center O to the static
89 mm
platform
Included angle between axes S1 and S2 and the o
. . 50
static and the moving platforms

Circular radius of the spherical mechanism 120 mm
Maximum travel of the prismatic pair 115 mm

The rotation angle range of 6, and 6 is limited to -
50° to 50° and the length variation range of the moving aux-
iliary rod of branched chain I and branched chain II is 130
to 280mm. Set the search range as —72° <y <72°
=72°<0<72°,-72°< ¢ <72°.

Using the numerical search method, the workspace
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of 2-SPS-RRR parallel mechanism is obtained in MATLAB
software, as shown in Fig. 8.

It can be seen from Fig. 8 that the workspace of the
mechanism is a polyhedron symmetrical around Z axis, and
its interior is continuous without holes. When y = 0°, the
maximum range of sagittal plane movements and transverse
plane movements of the moving platform can reach -
70°~70°; When 6= 0°, the range of frontal plane move-
ments and transverse plane movements of the moving plat-
form can reach -70°~70°; When ¢ = 0°, the range of sagittal
plane movements and frontal plane movements of the mov-
ing platform is -40°~70° and -50°~50°, respectively. There-
fore, the mechanism can reach the limit position within the
workspace, and the workspace is large, which can meet the
needs of human daily movement, and the working perfor-
mance is good.

6. Performance Analysis of Hip Exoskeleton
6.1. Dexterity analysis

Here, the dexterity of the mechanism is analyzed
using the condition number index 25.

The condition number of Jacobian matrix is de-
fined as:

O ax (J )
k(J)=cond(J) oo (9) . (24)
The value range of the condition number x(J) is
[1, +). Generally, the reciprocal of the condition number
of the Jacobian matrix is defined as the local condition num-
ber index, that is, the dexterity is
LCI =1/cond (k). (25)
Therefore, the value range of LCI is [0, 1]. The
dexterity value of the mechanism can be obtained by solving
the Jacobian matrix of 3.3 knots. The dexterity maps of the
whole region, y = 0°, § =0° and ¢ = 0° can be obtained us-
ing MATLAB software, as shown in Fig. 9.
As can be seen from Fig. 9, the range of LCI is
[0.1, 0.3]. In the local region, the value of LCI increases
with the increase of absolute values of v, 6 and ¢; On a
global scale, the change of LCI value fluctuates gently with-
out abrupt cusps, indicating that the mechanism has good
motion flexibility, can avoid singular configuration, and has
good motion performance, which meets the practical appli-

cation requirements of the rehabilitation parallel mecha-
nism.

6.2. Human-robot coupling simulation based on AnyBody
software

The process of AnyBody modeling system mainly
carries out biomechanical simulation through two basic
methods: mechanical model and muscle model. This study
focuses on the application of muscle models.

In order to verify the coupling degree between 2-
SPS-RRR parallel mechanism and the human body, and to
test the influence of the mechanism on the human muscle,
the mechanism model is imported into AnyBody software
for simulation, as shown in Fig. 10. The human-robot
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Fig. 9 The dexterity atlases: a — global dexterity map, b —
dexterity map at y = 0°, ¢ — dexterity map at 6 = 0°,
d — dexterity map at ¢ = 0°

simulation system in AnyBody software can simulate the
physiological parameters of the muscle groups that patients
mainly participate in during rehabilitation training. Here, the
muscle activation parameter is taken to determine whether
muscle damage will be caused, and the muscle length
change and muscle force change are taken to evaluate the
rehabilitation effect. Among them, the most significant
change in muscle parameters during human exercise is mus-
cle activation, that is, the percentage of maximum instanta-
neous spontaneous muscle contraction, which refers to the
ratio of the strength generated by specific muscles or muscle
groups to their maximum endurance during human exercise,
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reflecting the degree of muscle participation [26]. When the
value is greater than 1, it shows that the muscle is over-
stressed, in a state of fatigue or even strain, exceeding the
maximum tolerance that the human muscle can withstand,
and it is easy to cause secondary damage to the user. There-
fore, muscle activation must be less than 1. When the mus-
cle is activated, its length will appear nonlinear changes re-
lated to muscle tension [27]. Muscle force refers to the abil-
ity of the body or a specific part of the body to overcome
internal and external resistance during muscle contraction or
extension [28].

The human model used in the simulation here is an
adult male model with a height of 175 cm and a weight of
70 kg, and the quality attribute of 2.3 kg of the unilateral 2-
SPS-RRR parallel mechanism is given to ensure that the
simulation is consistent with the actual situation. The right
thigh of the human body is simulated for 10s. The static plat-
form of the 2-SPS-RRR parallel mechanism is fixed to the
waist of the human body through the joint node, and the
moving platform is fixed to the right leg of the human body.
The appropriate driving functions are added to the mobile
drive Pi, P, and the rotational drive 8y, so that the right leg
of the human body can perform flexion and extension, ad-
duction and abduction, internal rotation and external rota-
tion, respectively, taking the gluteus minimus, gluteus me-
dius and piriformis in the main muscle groups near the hip
joint of the human body as the research object of dynamic
simulation, the muscle length, muscle activation and muscle
force change curve of the human gluteus minimus, gluteus
medius and piriformis are obtained, as shown in Fig. 11.

It can be seen from Fig. 11 that when the human-
robot coupling system is active in the direction of flexion,
the muscle length of gluteus minimus is shortened from 114
mm to 107 mm, with a change of 7 mm; the muscle length
of the gluteus medius muscle increased from 102 mm to
103.5 mm, with a change of 1.5 mm; the muscle length of
the piriformis muscle was shortened from 127.5 mm to
127 mm, with a change of 0.5 mm. It shows that the gluteus
minimus is the main muscle to complete the flexion direc-
tion, and the gluteus medius and piriformis play a support-
ing role, at the same time, it shows that the mechanism reg-
ulates the muscle length and may optimize its muscle per-
formance. The muscle activation degree of gluteus minimus,
gluteus medius and piriformis in the direction of flexion
movement changed by 0.0125, 0.015 and 0.02, respectively,
and the maximum was 0.0475, 0.0475 and 0.06, respec-
tively, which were much lower than 1, indicating that the
hip joint muscle group involved in forward flexion move-
ment was activated to a certain extent, while always main-
taining lower than the maximum bearing strength of the
muscle, avoiding muscle fatigue or even injury. The force
of gluteus minimus increased from 24 N to 32 N, with a
change of 8 N. The force of gluteus medius increased from
40 N to 53 N, changed by 13 N; the force of the piriformis
increased from 20 N to 34 N, with a change of 14 N. The
force of the three muscles reaches the maximum at 10 s, and
the change process is gentle and without mutation. It shows
that when 2-SPS-RRR spherical parallel mechanism is used
for rehabilitation training, the human muscle group can get
a certain exercise effect, and the safety in the process of
movement is ensured, and the reinjury to the user is avoided.

In addition to the flexion movement, during the ex-
tension, adduction, abduction, internal rotation and external
rotation movements, the length, activation and force of the



Muscle length(mm)

=
=1

Muscle length(m

117
114

111
0

138

%

b= 105

148

Fig. 10 Human-robot coupling model based on AnyBody: a — complete view model, b — local view model
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three muscles have a certain degree of change, and the mus-
cle activation degree is far lower than 1 at the same time of
change ; at the same time, the force changes of the three
muscles are gentle and there is no sudden change, indicating
that the muscle group has not only been effectively exer-
cised, but also ensured that the force of the muscle is always
within a safe range, and it is not easy to appear fatigue or
damage. The risk of muscle strain is reduced, the safety in-
dex is high, the secondary damage of the user's rehabilita-
tion process is avoided, and the stability and reliability of
the rehabilitation performance of the mechanism are guar-
anteed.

7. Conclusion

A wearable and adjustable spherical hip exoskele-
ton parallel mechanism is proposed for the people whose hip
joint movement function is damaged due to sudden acci-
dents or natural aging. The mechanism has three rotational
degrees of freedom around X axis, Y axis and Z axis, and can
realize sagittal plane movements, frontal plane movements
and transverse plane movements at the hip joint.

In order to ensure that the motion center of the
mechanism coincides with the rotation center of the hip joint
after wearing by people of different body types, an adjusta-
ble center structure is designed.

By analyzing the workspace and dexterity of the
mechanism, it is concluded that the mechanism has a large
working range and good performance, which can meet the
design requirements. The human-robot coupling simulation
based on AnyBody shows that the mechanism is effective
for the rehabilitation exercise of human muscle groups, and
can meet the rehabilitation needs of patients hip joints.
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Y. H. Zhao, Y. F. Zhang, Y. Gao, R. Q. Li

STUDY ON THE REHABILITATION PERFORMANCE
OF 2-SPS-RRR ADJUSTABLE HIP EXOSKELETON

Summary

Based on computer-aided ergonomics the paper
proposes a hip joint rehabilitation exoskeleton utilizing a ad-
justable spherical parallel mechanism, specifically designed
for rehabilitation training of individuals with impaired hip
joint movement function. Initially, the screw theory is em-
ployed to determine the degrees of freedom of the parallel
mechanism, revealing that it possesses three rotational de-
grees of freedom, enabling sagittal plane movements,
frontal plane movements and transverse plane movements
at the hip joint. The closed vector method is utilized to de-
rive the inverse position solution, and the velocity Jacobian
matrix is solved. Leveraging the inverse position solution
and the constraint relationships between mechanisms, the
reachable workspace of the mechanism is obtained using
MATLAB software programming. Utilizing screw theory
and velocity Jacobian matrix, the dexterity of the mecha-
nism is analyzed. Ultimately, a human-robot integrated sys-
tem is established in AnyBody software to verify its capa-
bility to achieve certain rehabilitation effects on human
muscle groups. Research demonstrated that the hip joint par-
allel mechanism exhibits good stability and can effectively
assist individuals with hip joint dysfunction in rehabilitation
training.

Keywords: hip exoskeleton, spherical parallel mechanism,
kinematics, rehabilitation performance.
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