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Abstract

In view of the fact that the current research on active and passive rehabilitation training of lower limbs is mainly
based on the analysis of exoskeleton prototype and the lack of analysis of the actual movement law of limbs, the
human-machine coupling dynamic characteristics for active rehabilitation training of lower limbs are studied. In
this paper, the forward and inverse kinematics are solved on the basis of innovatively integrating the lower limb
and rehabilitation prototype into a human-machine integration system and equivalent to a five-bar mechanism.
According to the constraint relationship of hip joint, knee joint and ankle joint, the Lagrange dynamic equation and
simulation model of five-bar mechanism under the constraint of human physiological joint motion are constructed,
and the simulation problem of closed-loop five-bar mechanism is solved. The joint angle experimental system was
built to carry out rehabilitation training experiments to analyze the relationship between lower limb error and height,
weight and BMI, and then, a personalized training planning method suitable for people with different lower limb
sizes was proposed. The reliability of the method is proved by experiments. Therefore, we can obtain the law of
limb movement on the basis of traditional rehabilitation training, appropriately reduce the training speed or reduce
the man-machine position distance and reduce the training speed or increase the man-machine distance to reduce
the error to obtain the range of motion angle closer to the theory of hip joint and knee joint respectively, so as to
achieve better rehabilitation.

1. Introduction

In recent years, stroke hazards have become more and more obvious with the acceleration of population
aging [1]. In 2019, it was nearly 1.74 million people in China have been plagued by stroke hazards,
and the number of patients with limb movement disorders has surged, which causing 1.6 million annual
deaths [2, 3]. Therefore, solving the problem of limb movement disorders has become a top priority
[4-6].

Rehabilitation training in limb movement disorders is mainly aimed at the corresponding joints of
the diseased limb, maintaining the muscle activity in active or passive way. According to the theory of
brain plasticity, the structure and function of the nervous system can be reorganized and regenerated
after a certain period of rehabilitation training [7]. Therefore, the effective rehabilitation training can
improve nerve defects and develop the strength of muscle tissue and ultimately improve the degree of
limb rehabilitation. Compared with traditional treatment methods, which maintain the activity of lower
limb muscle tissue through patient’s own walking training, the rehabilitation process of this method
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is slow and lacks personalized treatment. Therefore, in order to improve the effect and quality of limb
rehabilitation, it is urgent to explore more advanced and effective rehabilitation method [7, 8]. It reduces
extremely the physical labor of rehabilitation doctors and monitors the data of limb rehabilitation training
in real time, which can liberate manpower and make up for the shortage of manpower. Meanwhile, it is
also providing a better choice for rehabilitation doctors to analyze the effects of therapeutic and optimize
the treatment plan. Consequently, clinical rehabilitation training combined with limb rehabilitation robot
technology has become a research hotspot at home and abroad [9].

Limb rehabilitation robot integrates mechatronics technology, robot technology, rehabilitation
medicine and sensor technology into active and passive rehabilitation training of limbs [10-12].
Domestic and foreign scholars have carried out relevant research. Mohamed et al. [13] analyzed the
dynamics of an electric-driven end-effector rehabilitation robot based on the Euler-Lagrangian principle
and then designed an adaptive tracking control strategy under passive training, verifying the effec-
tiveness of control strategy on experiments in different scenarios. Wang et al. [14] designed a 4DOF
passive training rehabilitation robot for the lower limb, and the forward and inverse kinematics of the
human-machine hybrid model was solved by D-H (Denav-Hartenberg) method, and then, a variable
human-machine workspace based on the user was obtained, which shows that the rehabilitation robot
can realize passive training of lower limb. Li et al. [15] conducted the dynamic analysis and parame-
ter optimization under passive training by establishing the human-machine coupling dynamic model of
lower limb rehabilitation robot system, the error of joint angle measured in the experiment was about
9%, which is verified the correctness of the dynamic model and the feasibility of the human-machine
model for the rehabilitation training analysis. Ma et al. [16] collected human walking signal based on
inertial measurement unit, established the motion model of lower limb and inversed dynamics model
integrated with inertial measurement unit to calculate motion information, which could ensure good
reliability for measurement by the acquisition method. Gao et al. [17] constructed the dynamic model
of the seven-bar mechanism of the lower limb exoskeleton rehabilitation robot and simulated it, and the
trajectory showed that the exoskeleton system had a good comfort and flexibility in walking training.
Guatibonza et al. [18] proposed an auxiliary device of passive rehabilitation training for knee joints
and compared the joint trajectory with the experimental trajectory by establishing the kinematics and
dynamics models, and the results showed that the auxiliary device had a good effect.

In summary, the current research on lower limb rehabilitation training mainly focuses on the perfor-
mance analysis and gait trajectory planning of rehabilitation robots under passive training. Compared
with passive training, the main advantage of active training is that it can improve patient’s active partici-
pation and mobilize patient’s enthusiasm and self-confidence. At the same time, active training can also
carry out individualized treatment according to the specific situation of patients to make the rehabili-
tation effect more significant, and the recovery in the later stage of rehabilitation accounts for the main
part. However, there are few studies on the actual movement of lower limbs in active training, and the
actual movement law of lower limbs in the rehabilitation training process is very important to analyze
the actual law of limb movement, improve the rehabilitation effect and optimize the training program
[19, 20]. Shao et al. [21] measured the joint angle and angular velocity motion data through the lower
limb rehabilitation training simulation and compared with the actual measured lower limb motion data
during normal walking, which verified the reliability of the lower limb rehabilitation training simulation.
Ma et al. [22] studied the law of lower limb movement during rehabilitation training through isokinetic
muscle strength training. By comparing the rehabilitation robot before and after training, it was found
that the joint angular velocity became larger after robot training, which proved that the rehabilitation
robot improved the training effect. Therefore, active rehabilitation training of lower limbs is of great
significance to the rehabilitation of patients [23-25].

Aiming at the lack of reference for the law of limb movement in active rehabilitation of lower limbs,
the characteristics of limb movement in active training of lower limbs based on five-bar mechanism of
man-machine integration system are studied. On the basis of integrating the lower limb and rehabilitation
prototype into a human-machine integration system and equivalent to a five-bar mechanism, the forward
and inverse kinematics are solved by the D-H method, and then, the five-bar mechanism is constructed
by using the solved human physiological joint angle constraint relationship of the hip joint, knee joint
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and ankle joint. Lagrange dynamic equation and simulation model analyze the change rules of angle,
angular velocity and angular acceleration of hip joint and knee joint at different active training speeds of
lower limbs. The joint angle experimental system was built, and 6 representative subjects were selected
to actively train the hip and knee joint angle data, which was then substituted into the kinematics model
to obtain the lower limb workspace and verify the correctness of the model. The correctness of the
simulation is verified by comparing the experimental and simulation data, and a personalized training
planning method suitable for people with different lower limb sizes is proposed in order to provide a
better rehabilitation effect for lower limb active training.

The main research contents of this paper are as follows: In section 2, a five-bar mechanism is
constructed for the man-machine integration system of lower limbs and rehabilitation prototypes. In
section 3, based on the D-H method, the forward and inverse kinematics of the system are solved. In the
section 4, the Lagrange dynamic equation and simulation model are established to obtain the reasonable
speed range of lower limb active rehabilitation training. In the section 5, the experimental system is built
to carry out the multi-person joint angle experiment. Based on the error analysis, the human-machine dis-
tance planning method is proposed, and the feasibility of the method is verified by comparative analysis.
Finally, the conclusions are summarized.

2. Establishment of the man-machine integration model

Various forms of movement and speed of human lower limbs, such as flexion, extension and rotation,
are transmitted from the hip to the foot in turn, forming complex joint movements that are difficult to
simulate by conventional models. Therefore, according to the theory of human anatomy, it is equivalent
and split, and the human body is constructed into three mutually perpendicular surfaces and axes, and
the lower limbs are divided into thighs, calves and feet with hip joints, knee joints and ankle joints [26].
The hip joint can make the thigh rotate around three axes, internal and external rotation and varus and
valgus; the knee joint can make the calf flexion and extension and internal and external rotation relative
to the thigh; the ankle joint achieves foot flexion and extension, internal and external rotation, and varus
and valgus.

In this paper, the multi-rigid-body system dynamics method is used to divide the lower limbs into
several sub-modules according to the structural and functional characteristics of the human body, and
the homogeneous rigid body link is defined to connect each sub-module. The equivalent lower limb
model is a seven-link model including four spherical joints and two revolute joints, as shown in Fig. 1.

In order to meet the body size of the most people, the representative PS5 or P95 percentile size is used
as the basis of limb parameters. In this paper, on the basis of selecting the P95 percentile size of the
18 ~ 60 age group of “Chinese adult human body size, the size of each link of the lower limb rigid body
mechanism is determined by the size correction method and considering the assembly error [27, 28], as
shown in Table I.

In this paper, the lower limb and rehabilitation prototype are integrated into a man-machine integrated
system for lower limb active training research. Due to the symmetrical characteristics of the human body
structure, the right side of the lower limb is selected as an example for analysis. During active training,
the lower limbs actively exert their force, and the legs and feet rotate around the ankle joint, and the
feet are connected to the pedal of the rehabilitation prototype. Therefore, the man-machine integration
model of the lower limb and the rehabilitation prototype is equivalent to a five-bar mechanism [29], as
shown in Fig. 2.

3. Forward and inverse kinematics analysis of the five-bar mechanism of man-machine
integration system based on D-H method

3.1. Kinematics positive solution calculation

Based on the D-H method, the coordinate system of the five-bar mechanism of the man-machine integra-
tion system is established. The thigh is defined as the link 1, and the other parts are recursively recursive,
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Lower limb standing posture Lower limb link model

Figure 1. Seven-link model of human lower limb.

as shown in Fig. 3. The hip joint flexion as 6, and it is between the link i and the horizontal direction, the
knee joint extension as 6, and the ankle joint extension as 65, and the foot handle rotation extension as 6,
thanks to the angle between the link i-1 and the link i extension line. The angle between the rehabilitation
prototype shaft and the foot is defined as 6, called the angle of the foot handle, and the angle between
the prototype shaft and the frame is defined as 65 called the rotation angle of the prototype. «;_, is the
angle between the link i-1 and the link i along the z-axis direction x-axis, d; is the distance between the
link i-1 and the link i along the z-axis direction. The D-H parameters of Table II are obtained and the
forward and inverse kinematics analysis is carried out.

According to the parameters in Table II, the transformation matrices T, )T, 3T, JT, T of each coor-
dinate system are obtained, and they are substituted into the terminal pose matrix to obtain the positive
kinematics solution as follows.

Ny Oy 4y Py

n, o, a, p,
dr=0t.T.2T 3T A= T (1)
n, o, 4. p;
0 0 1

In the Eq. (1)
n,=cos(@, + 60, + 65+ 6, + 65)
ny = sin(6, 4+ 6, + 65 + 6, + 0)
n,.=0
0, =—sin(0, + 0, + 6; + 6, + 05)
0y, =cos(0; + 0, 4+ 05 + 6, + 05)
0,=0

a,=0
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Table I. P95 percentile adult male corrected size.

Thigh Shank Foot

Quality (kg) 10.59 3.38 0.977
Length (mm) 480 393 131
Centroid (mm) 240 146.5 65.5
Lower extremity length (mm) 1063
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Figure 3. D-H coordinate system of the man-machine integrated system for lower limb active training.
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Table II. D-H parameter table of the man-machine integrated
system for lower limb active training.

Link i-1 Link i a;_,(mm) a(®) d;(mm) ©)

0 1 a 0 d, 1
1 2 a, 0 dy 2
2 3 as 0 dy 3
3 4 a, 0 dy 4
4 5 as 0 ds 5

pX=a4C0S(91 +92 +93 +93 =1
Dy =ay sin(f; + 6, 4+ 05 + 6,) + a, cos(6, + 6,) + a; sin(6; + 6,) + a, sin 6, + a; sin(6; + 6, + ;)
p.=d +d, +ds+d,+ds )

Through the inverse kinematics calculation of the lower limb active training based on the five-bar
mechanism of the man-machine integration system, the expression of each joint angle is obtained, which
lays a theoretical foundation for the human-computer interaction of the lower limb active rehabilitation
training.

3.2. Inverse kinematics solution calculation

Inverse kinematics based on pose parameters is known. Multiplied by T~ both sides of the Eq. (1) to
the left respectively, that is °T~'T = JT; TS T+T. The equality [1, 11, [1, 2], [2, 1] and [2, 2] of the matrix
elements are equal on both sides respectively, which can get

i n, cos 6; + n, sin 6; = o, cos 6; — o, sin 6, 3
n, cos 6, — n, sin6; = —o, cos 6; — o, sin 6,
From Eq. (3)

6, = arctan 2(n_v + o, n, — oy) @)

Multiplied by AT~'9T~"' on both sides of the Equation sign of Eq. (1) to the left at the same time and
take [1, 3] and [2, 3] to be Equation respectively to get

6, = arctan 2(a,, a,) — arctan 2(n, — o,, —o, — n,) 3)

Taking [1, 4] and [2, 4] in Eq. (1) to corresponding Equation can be obtained
2k1a3 COS(Q] + 92 + 63) + 2k2a3 Sin(@l + 02 + 93) = k% + k; + ag — ai (6)
In the Eq. (6)

ki, =p.— a, cos(6, +6,) —a, cos 6, o
k2 =py—a Sin(91 + 92) —a sin 01*
a,cos(0, + 60, + 05+ 6,) =p, — a, cos(8;, + 6,) — a, cos 8, — a; cos(6;, + 6, + 63) ®
ay Sin(91 + 92 + 93 + 64) =py—ay Sin(@l + 92) —a sin 01 — az Sin(91 + 92 + 93)
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Figure 4. Dynamic coordinate system and simulation of three-dimensional model.

By the simultaneous solution of Eq. (6) and Eq. (8)

0, = arctan 2( A+ +VA2+B>2—-C%,B— C) — arctan Z(ay, ax) ©))
In the Eq. (9)
A= 2k2a3
B= 2k1a3 (10)

C=k+R+a—a

04 = arctan 2(p) — C.lz Sin(01 + 92) — &] sin 01 — él3 Sin(@l + 02 + 93) ’px — C’lz COS(Q] + 02) - C.l109| -

— az cos(0, + 6, + 6;) — arctan Z(A ++A2+B*—-C?% B — C)

(11)
Taking [1, 1], [1, 2], [2, 1] and [2, 2] in Eq. (1) to be Equation respectively, then
6, =arctan 2( A% VA + B2 — C°, B - C) — arctan 2(ay, ) (12)

The inverse kinematics solution of active training of lower limb based on the five-bar mechanism
of the man-machine integration system is calculated and the expression of each joint angle is obtained,
which lays a theoretical foundation for human-computer interaction in lower limb active rehabilitation
training.

4. Dynamics modeling and simulation of lower limb active training
4.1. Establishment the dynamics model based on Lagrange method

(1) Establish Lagrange coordinate system

The dynamic coordinate system and simulation of three-dimensional model of man-machine sys-
tem under active training of lower limbs is established, as shown in Fig. 4, the base coordinate system
is established at the hip joint position. The thigh, calf, foot and prototype shaft are named as link 1,
link 2, link 3 and link 4, respectively. The connection between the hip joint and the base coordinate
system is link 5, and the lengths of links 1~5 are a,, a,, a; and a,.

(2) Solving the system’s kinetic energy
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The dynamic Equation of the system is established on the basis of Lagrange function. The Lagrange
function is obtained by the differences between the kinetic energy and potential energy of the system,
and the kinetic energy and potential energy of the system are superimposed by the kinetic energy and
potential energy of each link. Therefore, according to the geometric size relationship of each link in
Fig. 3, the coordinates of each particle are described, as shown in the Eq. (13).

Xy =a,cosf /2

yi=a;sin6,/2, z, =0

X, =a; cos 0; + a, sin(@; — 6,) /2

Y, =a; sin0, —a, cos(6, — 6,) /2, 7, =0

X3 =a, cos 0, + a, sin(6; — 0,) + a; cos(6, + 0; — 6,) /2

y3 =a; sin 0, — a, cos(0, — 0,) — as sin(@, + 6, — 6,) /2, z3 =0

X4y =a, cos 0, + a, sin(6, — 0,) + a3 cos(6, + 0; — 6,) +a, cos(0, +6; — 6, — 0,) /2
ys=a; sinf;, — a, cos(f, — 0,) —as sin(@, +0; — 6,) —a, sin(0, +60; — 6, — 6,) /2, 2 =0

In the Eq. (13), x and y are the coordinates of the center of mass, all of z are 0.

The velocity multiplier can be obtained by adding the multipliers of the first derivative of the x, y and
z coordinates of the particle. After obtaining the v* of the four particles, the kinetic energy of the link is
solved by Eq. (16). Finally, the total kinetic energy of the system can be obtained by superimposing the
kinetic energy of four particles, as shown in Eq. (17) and Eq. (18).

13)

vi =X 43+ (14)
vi=a;/2
V2 =28 + i /2 — &,y sin 6,
Vi = + &+ a3 /4 — 2a,a, sin 0, + a,a3 c08(20, + 05 — 6,) + (ras sin(26, + 05 — 26,)
Vi = + & + & + a4 — 201G, Sin 0, + 2d,d5 €08 (20, + 05 — 6,) + 2a2a5 sin(20, + 05 — 26,) +

+ a,a, cos(20, + 6; — 6, — 6,) + aza, cos 0, + a,ay cos(20, + 6; — 260, — 6,)

(15)
Eun=my?/2 (16)
E, = m,vf/Z =mlézf/4
Eip =myv3/2 =m2(2&% +d2/2 — aya, sin 02) /2
Es =myv; /2 =my(&; + & + a5 /4 — 241G, sin 0, + a,a; cos(26, + 65 — 6,) +
+ ity Sin(26, + 65 — 26,)) /2 (17)
Ew=my;/2=my(& + & + a; + a;/4 — 2a,a, sin 0, + 2a,a5 cos(260, + 65 — 6,) +
+ 2a,a; sin(20, + 6; — 26,) + a,a, cos(20, + 65 — 6, — 6,) + asa, cos 6,+
+ ity cos(20, + 05 — 20, — 6,)) /2
E, =Y Ei=Ey+E.+Es+Eu (18)

where vl.2 (i=1,2,3,4) are the velocity of the center of mass, E,fi(i =1, 2,3, 4) are the kinetic energy of
the center of mass, mf(i =1,2,3,4) are the mass of each link, E, is the total kinetic energy.
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(3) Solving the system potential energy
The potential energy of each particle of the man-machine system is solved by the Eq. (19), and the
system potential energy is further superimposed, such as the Eq. (20) and Eq. (21).

Eﬁi =mgy; (19)
Epi =nm gy, =m ga, sin 61 /2
E,, =m,gy, =myg(a, sin 6, — a, cos(6, — 6,) /2)
E,; =msgy; = msg(a, sin 0, — a, cos(0, — 6,) — as sin(6, + 65 — 6,) /2) (20)
E,, =mugys = myg(a, sin b, — a, cos(6, — 6,) — a; sin(6, + 65 — 6,) —

— dy Sin(@l + 93 - 92 - 94) /2
E,= Z‘lt Ey=E, +En+Es+Ey 2n

where E;l,(i =1,2,3,4) are the potential energy of the center of mass, E, is the total potential energy.
(4) Establishment of kinetic Equation
The Lagrange function is obtained by the differences between the kinetic energy and the potential
energy of the system. The Lagrange function is calculated as shown in the Eq. (25), and the dynamic
Equation of the center of mass of the foot can be obtained. It can be observed in the form of matrix
Equation, which is composed of inertial force term and gravity term.

L=E.—~E, (22)
daL dL

F=""2-= (23)
dt a a

Fi=m/2+mQ2+a,sin6,/2) +m3(1 + a, sin 6, + a3 cos(26, + 65 — 6,) /2) +
+ my (1 + a, sin 6 + a; cos(20, + 0; — 0,) + a4 cos(26, + 05 — 6, — 6,) /2)) a;—
—(my —my —mz —my) gsin6,/2
F, = (my(1/2 — a, sin 6,/2) + m3(1 — a, sin 6, + a; sin(26, 4 6; — 26,) /2) +
+ my (1 4 a, sin 6, + as sin(20, + 05 — 26,) + a4 cos(20, 4+ 6; — 20, — 6,) /2)) d%—
— (—my —m3 —my) gcos(6; — 6,) /2 24)
F3; = (m;(1/4 4 a, cos(26, + 65 — 6,) /2 + a, sin(260, + 6; — 26,) /2) +
+my(1 4 a; cos(20, + 05 — 0,) + @, sin(20, + 65 — 26,) + a4 cos 0,) /2a5—
— (—m3 —my) gsin(0, + 65 — 6,) /2
Fy=(my(1/4 4+ a, cos(20, +6; — 6, — 6,) /2 + as cos 0,/2+
+ a, cos(20, + 6; — 20, — 6,) /Zai — (—my) gsin(0, + 6, — 60, — 0,) /2
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Table IIl. Body size and key information of the six subjects.

Parts Parameter Value
Upper body and the rehabilitation prototype frame  Density (g/cm?) 7.80
Young’s modulus (MPa) 2.07x10°
Poisson’s ratio 0.29
Materials carbon steel
Thigh, calf, foot and prototype shaft Density (g/cm?) 2.74
Young’s modulus (MPa) 7.17x10*
Poisson’s ratio 0.33
Materials Aluminum alloys
F, G 0 0 O a (m, —my — mz — my) sin 6,
F2 0 Gz 0 0 Clg (_m2 — M3z — m4) COS(QI — 92)
Fi= = I . 8/2 (25)
F3 0 0 G3 0 (l% (—m; — m4) Sln(Gl + 93 — 92)
F4 0 0 0 G4 Cli (—m4) Sin(@l + 93 — 92 — 84)

Gy = ((my /2 + 2my + ms + my) + (my/2 + ms + my) @, sin 0, + (m3 /2 + my) a; cos(20, + 05 — 6,) +
+ (my/2) ay cos(20, + 65 — 0, — 6,))

Gy, = (my/2 +ms + my) + (—my /2 — ms + my) a, sin 0, + (m3/2 + my) as sin(20, + 6; — 26,) +
~+ (my/2) a4 cos(26, + 65 — 26, — 6,)

Gy = (m3/4 +my) + (m3/2 + my) a, cos(20, + 0; — 6,) + (m3/2 + my) a, sin(26, + 6; — 26,) +
~+ (my/2) a4 cos 6,

G, =my /4 + mya, cos(20, + 6; — 6, — 6,) /2 4+ (my/2) a, cos(20, + 6; — 26, — 6,) +

+ (m4/2) él3 COS 94
(26)

4.2. Establishment of the dynamic simulation model

In order to further analyze the motion law of hip joint, knee joint and ankle joint in active training of lower
limbs, and verify the correctness of theoretical derivation of dynamic model, the dynamic simulation
model of five-bar mechanism of man-machine integration system is established in ADAMS environment
of 2019 version of MAS company in the United States, as shown in Fig. 4. According to the data in
Table III, the model size is set. The length of link of the prototype is 131 mm, the dynamic simulation
parameters are shown in Table III. Fixed constraints are set on the upper body and the rehabilitation
prototype to ensure that the positions of the two are unchanged, and rotation constraints are added to
each joint to ensure that each joint can rotate relatively.

The joint angle associated motion constraint setting plays a key role in the simulation under multi-
joint angle uncertainty. In this paper, based on human physiology and the coordinate system of Fig. 3,
the constraint relationship among hip joint, knee joint and ankle joint is obtained for the first time by
analytical method, such as Eq. (27) and Eq. (28), so as to realize the constraint setting of each joint in
the dynamic simulation model. According to Fig. 4, Since the five-bar mechanism of the man-machine
integration system has two degrees of freedom, a rotation drive is added to the corresponding revolute
joints of the hip joint and the ankle joint.
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Figure 5. The steps of active rehabilitation training of lower limbs.

In order to make the thigh movement stable, the hip joint is driven by sinusoidal speed [30].At the
same time, the simulation speed should be close to the actual lower limb rehabilitation training speed, so
the speed is set to n; = 10/ A ¢ sin(27¢/5) and the direction is counterclockwise. According to the con-
straint relationship between hip joint, knee joint and ankle joint, the motion correlation curve is created
[31], according to the hip joint speed through the CUBSPL function in ADAMS environment and then
the ankle joint speed is set to n, = CUBSPL(z, 0, SPLINE, 0)°/s and the direction is counterclockwise.
In addition, a single flexion and extension cycle time is set to 5s, and the number of steps is 50. The
simulated measurement angles of the hip, knee joint and ankle joints are the horizontal angle between
thigh and x-axis, the angle between thigh and calf, and the angle between calf and foot, the steps of
active rehabilitation training of lower limbs are shown in Fig. 5.

a sin 91 +a, Sin(ez — 01) — a3 Sin(@Z — 9| — 03) — dy sin 94 =0 (27)
a; cos B, + a, cos(6, — 6,) —az cos(6, — 0, — 0;) —ascos b, —as =0
a, cos(6, — 0,) = a, cos 0, + az cos(6, — 0, — ;) — a, cos 6, (28)

Figure 5 shows the movement steps of lower limb rehabilitation training in a single cycle. In the first
half of the cycle, the ankle joint angle is the smallest, then the knee joint angle is the smallest, and then
the hip joint angle is the largest. The appearance of the three angles shows a certain lag law. In the second
half of the cycle, the law shows the opposite trend.

By simulating that the angle changes curves of hip joint, knee joint and ankle joint are obtained. In
order to make the results convenient for analysis, each angle is transformed into the angle between lower
limb and vertical direction, and the angle change law of three joints in a single flexion and extension cycle
is obtained, as shown in Fig. 6. It can be observed that the angle range of hip joint flexion and extension
are 80.02° ~99.98°, and the angle range of knee joint flexion and extension are 62.62° ~109.05°. The
angle range of ankle joint flexion and extension is 51.24° ~101.47°.

The results show that the motion amplitude of the hip joint is the smallest, the motion amplitude of
the knee joint and the ankle joint is larger and the peak angle shows a stable lag change compared with
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Figure 6. Angle changes of the hip, knee and ankle joints.

$ =
3 g
& <
g ]
2 =
<< gn
%
. : | 0 - . ¥ . -—
0 1.1 o 3 374 5 0 112 2 3 374 5
Time(s) Time (s)

Figure 7. Hip joint angular velocity and angular acceleration curve. (a) Hip joint angular velocity
curve; (b) Hip joint angular acceleration curve.

the motion law of the hip joint, but the change rules of the two are similar. The angle change curve of
each angle is continuous and smooth transition, and the angle change range of the three joints is within
a reasonable range, which is in line with the active training of lower limbs.

At the same time, considering that the knee joint is more vulnerable to injury than the ankle joint in
actual activities [32, 33], and the ankle joint bears most of the body’s gravity in daily actions, so the
joint rehabilitation is clinically suitable for resting and drug treatment, so this paper further selects the
hip joint and knee joint to analyze the movement law in lower limb rehabilitation training.

4.3. Simulation of different active training speeds of lower limbs

In order to analyze the influence of different speed training on the rehabilitation [34], the sine speed
N =n/ Atsin(2mt/5)°/s with different amplitude is further used to simulate the effect of rehabilitation
training at different speeds. The selected speed is close to the actual rehabilitation training requirements
to obtain more accurate rehabilitation rules. It is found that the angle, angular velocity and angular
acceleration peak value and extreme point of both hip and knee joints change with “n,” but the change
rule is basically unchanged.

From Fig. 7, it can be seen that the angular velocity and angular acceleration of the hip joint increase
with the increase of the rotational speed, and the speed is consistent at the limit position of 1.2's and
3.7 s, but at this time, the acceleration is positively correlated with the rotational speed, and the curve
gradually appears sharp points with the increase of the rotational speed. Therefore, the rotational speed
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needs to be controlled within a reasonable range to reduce the secondary damage to the lower limbs

caused by the impact of the limit position.

By obtaining the knee joint angular velocity and angular acceleration curves, as shown in Fig. 8, the

reasonable velocity range is further analyzed.

Figure 8 shows the angular velocity of the knee joint at different speeds showed similar changes.
When the speed 7 is in the range of 6~7, the angular acceleration increases from 0 to 0.015°/s* and then
decreases to 0.005°/s* at 0.4~0.5s at the startup moment. Therefore, the acceleration fluctuation is the
smallest at the speed n =7, and the secondary damage can be avoided by extending the startup time.
The angular velocity was reduced from 0.013 to O at 1.1s, indicating that the rehabilitation training
action was smoother when n<7. The angular acceleration increased from 40°/s* to 93°/s* in the range
of n=6~9, and gradually decreased to 32°/s* in the range of n=9~11. The smaller the maximum
angular acceleration, the smoother the rehabilitation action. In the 3.2~4.2 s time period, the angular
acceleration of the speed n = 8~11 fluctuates many times, while the angular velocity n = 6~8 is smooth
and excessive, and there is no sudden change in the acceleration when n = 6~7. Therefore, in order to
reduce the secondary injury of the lower limbs caused by the acceleration mutation, the hip joint speed
of no more than 7/¢* sin (2*I1/5)°/s should be selected for lower limb active rehabilitation training to

achieve better results.
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Figure 9. The motion law of thigh, calf and foot. (a) Velocity curves; (b) Acceleration curves; (c)
Angular velocity curves; (d) Angular acceleration curves.

In order to verify the feasibility of the selected reasonable speed, the speed and acceleration can
reflect the speed of the lower limb movement, while the angular velocity and angular acceleration reflect
the speed of the lower limb rotation, and then analyze the motion characteristics of the lower limb at
multiple levels. The speed, acceleration, angular velocity and angular acceleration of the thigh, calf and
foot at N =7/ A tsin(2m¢/5)°/s are comprehensively analyzed, and the speed and acceleration curves
are obtained as shown in Fig. 9.

It can be seen from Fig. 9(a) and Fig. 9(b) that the speed changes of thigh, calf and foot are similar,
and there is no sudden change point. The delay of movement from thigh to foot is consistent with the
actual movement law, indicating that the simulation method is correct. At the same time, the maximum
velocity of thigh, calf and foot is 52 °/s, 130 °/s and 150 °/s, respectively, and the acceleration is 68 °/s?,
163 °/s* and 219 °/s?, respectively. At 2.5s, the acceleration of the calf fluctuates. At this time, the knee
joint moves to the highest position in the rehabilitation training. Therefore, at this time, the secondary
injury can be reduced by slowing the movement. It can be seen from Fig. 9(c) and Fig. 9(d) that the
angular velocity and angular acceleration curves of thigh, calf and foot are smooth, indicating that they
move smoothly. However, the angular velocity of the calf rotates at 0.5 s without obvious fluctuation, so
that it will not cause secondary damage to the rehabilitation training. The maximum angular acceleration
is 54 °/s*, and there is no obvious fluctuation in the whole cycle. Therefore, there is no sudden change in
speed and angular acceleration, indicating that the active training of lower limbs based on the selected
speed meets the requirements, which proves the feasibility of the speed.

5. Joint angle experiment and result analysis
5.1. Joint angle experiment

The hip and knee joint angles were measured by the joint angle experimental system shown in Fig. 10.
The BWT61CL type attitude sensor with an accuracy of 0.05° angle produced by Shenzhen Weite
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Figure 10. Joint angle experimental system.

Intelligent Company is selected to collect the joint angle, and the sensor is connected to the computer
and the initial parameter setting is carried out through Bluetooth. In the experiment, the sensor was
placed near the joint position to measure the corresponding angle [35].

The subject’s feet were placed at the rotating shaft of the prototype, and the initial position was kept
at the level of the thighs, and then the legs simultaneously exerted force to rotate the prototype’s rotating
shaft in the same direction. In order to reduce the experimental error caused by the individual differences
of different subjects, all subjects maintained an unified sitting posture during the experiment. Through
the pre-experiment, the data of the same training duration were recorded after the lower limbs were kept
at a constant speed. Each subject repeated three experiments for a total of 60 sets of data. The dynamic
simulation model was established by measuring the size of each subject’s lower limb, and the angles of
hip joint and knee joint were obtained by the same simulation method in sections 3.1. The angle was
compared with the experimental angle to obtain more accurate lower limb motion characteristics.

In this experiment, 20 subjects (10 males and 10 females) were recruited, who were graduate students
of Beijing University of Information Science and Technology (17048 cm in height, 67£8 kg in weight,
2542 years old), the body size and key information were shown in Table IV, and the corresponding body
mass index (BMI) was measured. BMI is calculated by dividing weight (Kg) by the square of height (m).
It is currently widely used to measure the degree of body fatness, the different body types of people to be
taken into account so as to eliminate the influence of personal factors. without skeletal and limb motor
dysfunction. They were familiar with the experimental process and in good mental condition during the
experiment. They volunteered to experiment and signed the informed consent of the experiment.

5.2. Results and discussion

The angles of the hip and knee joints measured by the active training experiment of a single subject in
a flexion and extension cycle were compared with the dynamic simulation results, as shown in Fig. 11.

It can be seen from Fig. 11 that the maximum angles of hip joint experiment and simulation are
110.06° and 105.15° respectively, and the minimum angles are 72.64° and 76.10°, respectively. The
maximum angles of knee joint experiment and simulation were 116.19° and 109.54°, respectively, and
the minimum angles were 56.30° and 59.10°, respectively. The results show that the experimental and
simulation joint angles have the same trend, and the experimental and simulation angles are within the
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Table IV. Body size and key information of the six subjects.
Number Age Height (cm) Weight (kg) BMI (height/weight) Thigh (mm) Shank (mm)

1 26 167 54 19.4 480 390

2 25 170 65 225 480 393

3 26 174 65 21.5 500 410

4 24 175 64 20.9 480 400

5 28 184 76 22.4 556 476

6 24 190 77 21.3 550 480
K0 116.19°

Hip joint experiment

1101 105, 153

Hip joint simulation
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Figure 11. Comparison of hip and knee joint experiments and simulation angles under active training.

reasonable range of human joint motion. The maximum and minimum angles appear at the highest
and lowest points of joint movement in rehabilitation training, respectively. At this time, the maximum
experimental and simulation errors also indicate that the lower limb movement to this position should
be slowed down. The angular range of motion of the hip joint and knee joint experiment is greater than
that of the simulation. The reason is that the inertia of the subject causes the prototype shaft to disengage
from the limb when it is in a vertical position, and this phenomenon will become more obvious as the
speed increases.

Through simulation, the joint motion law under the actual rehabilitation training conditions is
obtained, and the secondary damage caused by the impact is reduced. Further comparison with the
experimental results is carried out, and the errors and causes are analyzed to improve the effectiveness
of rehabilitation training. The maximum error of the hip joint appears at 1.8 s and 4.2 s, and the knee
joint is at 2.1 s and 4.3 s, both of which appear near the limit position of the joint angle, corresponding
to the highest and lowest positions of the rehabilitation prototype shaft in the foot during active train-
ing. The maximum error of the hip joint is 9.84%, and the maximum error of the knee joint is 4.51%,
both within the allowable range of 15%, which were within the allowable range of 15% error verified in
Reference [36, 37], meeting the needs of rehabilitation training.

In order to obtain a more accurate joint angle change rule of lower limb active training, the experi-
mental data of 20 subjects were further processed, and the corresponding body mass index (BMI) was
measured. BMI is calculated by dividing weight (Kg) by the square of height (m). It is currently widely
used to measure the degree of body fatness, so as to take into account the different body types of people
and eliminate the influence of personal factors. Due to the close height, the lower limb movement rules
are similar. Therefore, a total of 18 groups of representative 6 subjects were selected with height as the
reference object. In order to make the experimental data more analytical and accurate, the same experi-
mental method is used to control the same range of hip joint activity of all subjects. Setting the range of
hip joint activity can reduce the secondary injury caused by the excessive range of hip joint activity and
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Table V. Simulation and experimental data of lower limb active training of six subjects.

Subject  The range of hip joint angle(°®) Error The range of knee joint angle(°)  Error
number Simulation Experiment [ | Simulation Experiment [ S|
1 80.02~99.98 7825~11226 7.25% 70.54~109.01 7635~110.86 1.70%
2 80.02~99.98 72.44~110.19 9.84% 62.62~109.05 5630~113.97 4.51%
3 80.02~99.98 74.54~109.52 820% 72.33~110.80 76.31~104.38 5.79%
4 80.02~99.98 76.32~108.54 6.59% 67.14~105.61 79.61 ~102.37 3.07%
5 80.02~99.98 81.34~102.59 2.13% 71.24~109.71 83.57~103.15 5.60%
6 80.02~99.98 80.25~104.39 2.35% 70.91~110.38 81.64~101.36 8.17%

simulate the actual movement law of different groups of people under the same active training, so as to
obtain a personalized rehabilitation training program. Therefore, the range of motion of the joint angle
is obtained and the maximum error absolute values(|d,...|) of the maximum and minimum joint angles
of the simulation and experiment are analyzed respectively. The simulation and experimental data of the
lower limb active training of 6 subjects are obtained, as shown in Table V.

From the data in Table V, it can be seen that under the same training speed and man-machine distance,
the simulated hip joint angle range of motion is consistent, and the knee joint angle range of motion
varies with height, weight and BMI. The larger the size of the lower limbs, the smaller the experimental
angle range of the hip joint and the knee joint, and the smaller the error of the hip joint. The knee joint
is the opposite, indicating that the hip joint training is better than the knee joint to maintain a smaller
distance between the human and the machine, while the knee joint is the opposite. The maximum range
of hip and knee joint angles of the subjects were 72.44° ~110.19° and 56.30° ~113.97°, respectively,
which were within the allowable range. The error range of hip joint is 2.13% ~ 9.84%, and the error
range of knee joint is 1.70% ~ 8.17%, both of which are less than 10%, which meets the experimental
requirements.

In summary, the experimental hip and knee joint angles are consistent with the simulation angle,
and the errors are within the allowable range. The reasons are as follows: (1) The human body size
and training speed of the experiment and simulation cannot be exactly the same, and the experiment
is influenced by limb inertia; (2) During the experiment, the vibration of the lower limbs caused the
measurement data of the attitude angle sensor to be too large; (3) In the simulation, the lower limb
movement is a relatively simple plane motion, while in the experiment, the lower limb has a complex
spatial motion, which cannot be simulated.

Combining the errors of the hip and the knee joint, the angle of the hip and the knee joint measured
by the subject 4 experiment was substituted into the 2.1 kinematics model to obtain the overall working
space of the lower limb, as shown in Fig. 12.

It can be seen that the working space of the lower limb is a ring with an outer ring radius of 612 mm
in the xoy plane, and its inner diameter of 130 mm is close to the length of the rehabilitation prototype
shaft. The width of the ring corresponds to the sum of the length of the calf and the foot. Therefore,
the simulation workspace verifies the theoretical calculation in Section 3.1 and conforms to the actual
situation, indicating that the kinematic model is correct, which provides a theoretical reference for the
design and gait planning of lower limb rehabilitation robots.

Under the same speed and man-machine distance, the lower limb movements of subjects with different
BMI, height or weight are different. Through the analysis of this difference, the personalized training
rules of different lower limb sizes are explored. Therefore, the relationship between the subjects with
different BMI and the range of motion of the joint angle is obtained, as shown in Fig. 13.

From Fig. 13, it can be seen that the range of hip joint angle changes of subjects with different BMI
is basically the same, which reflects that the change of hip joint is mainly affected by training speed. At
the same time, it can be seen that under the same training speed and man-machine distance, the angle
of hip joint and knee joint is the largest at the same time when BMI is 22.5, but the angle of hip joint
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Figure 13. The range of joint motion in subjects with different BMI.

is the smallest at 22.4, and the knee joint is the smallest at 21.3, indicating that the change of hip joint
angle has little effect with BMI, while the change of knee joint angle has significant effect.

The relationship between the angle error of the hip joint and the knee joint and the height and weight
is shown in Fig. 14 and Fig. 15 respectively.

From Fig. 14(a) and (b) and Fig. 15(a) and (b), it can be seen that the angle error of hip joint exper-
iment and simulation decreases with the increase in body height and weight. The angle error of knee
joint experiment and simulation increases with the increase in height and weight. It can be seen from
Fig. 14(c)—(e) and Fig. 15(c)—(e) that the error of hip joint and knee joint is closer to the change rule of
height, and the error is also different under the same BMI, indicating that the height which is propor-
tional to the size of the lower limb is the main factor of error, and the weight is the secondary factor.
At the same time, according to Section 3.2, it is found that the angle of joint activity decreases with
the decrease of training speed. Due to the same man-machine distance, the higher the height, the larger
the lower limb size, the smaller the distance between the hip joint and the knee joint and the center of
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Figure 15. Relationship between knee joint angle error and height and weight. (a) Man-machine dis-
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error and height. (d) Relationship between error and weight. (e) Relationship between error and BMI.
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the rehabilitation prototype shaft, indicating that the smaller the distance, the smaller the hip joint error,
and the knee joint is the opposite.

Therefore, for the active training of lower limbs based on hip joint, the smaller the height and weight,
the lower the training speed or the smaller the man-machine position distance can be appropriately
reduced to obtain a hip joint training range closer to the theory; for knee-based rehabilitation training,
the training speed can be appropriately reduced or the man-machine distance can be increased to reduce
the error to obtain a range of activity angles closer to the knee joint theory, so as to achieve better training
results.

For the hip and knee joints, the above strategies are verified by changing the man-machine distance
by taking the 5 cm reduction and increase as examples, and the error effects of height, weight and BMI
on the two are obtained respectively, as shown in Fig. 16.
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It can be seen from Fig. 16 that with the increase of man-machine distance, the hip joint error
decreases with different body height and weight, and the knee joint also has the same effect with the
decrease of man-machine distance. The errors of hip joint and knee joint are reduced by 1.2% and
4.6% respectively, and the errors of BMI on hip joint and knee joint are reduced by 1.2% and 4.1%
respectively. Therefore, it shows that the accuracy of rehabilitation training can be improved by adjust-
ing the training method of human-machine distance planning. At the same time, the feasibility of the
personalized planning method proposed in this paper is verified.

6. Conclusion

Aiming at the clinical rehabilitation needs of patients with lower limb movement disorders, this study
innovatively integrates the lower limbs and rehabilitation prototype into a five-bar mechanism of man-
machine integration system and then studies the active training law of lower limbs. Based on the
physiological joint-related movement of the human body, the constraint relationship between the hip
joint, knee joint and ankle joint is obtained. The lower limb and rehabilitation prototype are integrated
into the man-machine integration system and equivalent to a five-bar mechanism. Based on the D-H
method, the forward and inverse kinematics analysis is carried out. The workspace of the lower limb is a
ring with an inner diameter of 130 mm and an outer diameter of 612 mm in the xoy plane, which is in line
with the actual motion situation and verifies the correctness of the kinematics model. By establishing
the Lagrange dynamic equation of the five-bar mechanism of the lower limb man-machine integration
system, the expressions of inertial force and gravity influence are obtained. Then the dynamic simulation
model is constructed to simulate the hip joint and knee joint at different training speeds. The relation-
ship between the angle error of hip joint and knee joint and height and weight was analyzed respectively.
Then, the joint angle experimental system is built to carry out the experiment, and the experimental joint
angle is compared with the simulation angle to analyze the causes of the error, so as to formulate the
corresponding personalized rehabilitation training planning method. Appropriately reducing the train-
ing speed or reducing the man-machine position distance to reduce the error, while knee joint training
is the opposite, in order to obtain a range of activity angles closer to the hip joint theory and achieve
better rehabilitation effect. By increasing and reducing the horizontal man-machine distance of 5 cm,
the error of hip joint and knee joint is reduced compared with that before adjustment, which shows that
the effect of rehabilitation training is improved, and the feasibility of adjusting man-machine distance
by personalized planning method is verified.

This study creatively solves the simulation problem of the lower limb five-bar mechanism and the
rehabilitation prototype man-machine integration system under multi-angle uncertainty in the active
training process. Compared with the traditional lower limb rehabilitation training, which only focuses
on the study of the motion law of the rehabilitation robot, it makes up for the deficiency of the lower
limb rehabilitation training for the study of the motion law of the lower limb. In addition, the obtained
human-machine integrated motion characteristics of the lower limb can provide reference value for the
optimization of rehabilitation training programs and gait planning.
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