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Abstract. With the rapid development of science and technology, robots are widely used in rehabilitation
training. According to the physiological structure of human lower limbs and gait characteristics of walking,
a lower limb rehabilitation robot is designed in this paper. We design the structure in a form of exoskeleton
with three degrees of freedom in which kinematics analysis is carried out by the D-H coordinate
transformation method. And then we obtain the relationship between the end effector and the angle of each
joint. In addition, the relationship between end effector speed and joint speed is obtained through Jacobian
matrix and Lagrange equilibrium method is used for dynamic analysis. The joint torque is calculated
through the joint speed and three dimensional modeling of lower limb rehabilitation robot was reconstructed
by Pro-e. Finally, the driving mode is selected and calculated.

1 Introduction of the robot's end and the pose of the robot's end effector.
The coordinate system of exoskeleton robot legs for
As we all know, the lower limbs of the human body are lower limb rehabilitation robot is shown in Figure 2.1.

divided into thigh bone, leg bone and foot bone. Also the
lower extremities have three joints including hip, knee
and ankle. They work together to form the movement of
human lower extremities. There are three degrees of
freedom in the motion of hip joint including flexion or
extension, abduction or adduction and external rotation
or internal rotation. Also there are two degrees of
freedom during the motion of knee, including flexion or
extension and external rotation or internal rotation. The
motion of the ankle is divided into two degrees of
freedom such as dorsiflexion or metatarsal flexion and
varus or valgus. Normally, in the course of human
walking, the balance of body is mainly done by
abduction of joints. External rotation mainly changes the
direction of movement [1]. Step movements are mainly

Figure 2.1. D-H coordinate system
There is a rotational degree of freedom at the hip,
knee and ankle joints. The parameters of the connecting
rods are shown in Table 2.1.

done by flexion and extension at jgints of lovyer Table 2.1. D-H parameters
extremities. Therefore, on the basis of routine o d
rehabilitation training, the degree of anterior flexion or Link i 9, a,_, Looa
extension of hip joint is reserved only.
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2.1 Kinematic modeling and calculation 3
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2.1.1 Position analysis
The forward kinematics solution is to calculate

The exoskeleton mechanical leg is simplified into a position and attitude of the end effector coordinate
linkage mechanism, and Cartesian coordinate system {i} system in the base coordinate system with known joint
is established at each link. The relationship between displacement or angle. The transformation matrix of

each link is represented by homogeneous transformation

. X connecting rod i relative to adjacent link i-1 is :'3T =
matrix by D-H method [2]. Then we determine the pose
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cos0; —sinb; 0 a1 J(q)q is derived. x represents the velocity of the end foot.
sinf;cosa;_, cosO;cosa;_; —sina;_, —d;sina;_, g represents joint velocity. J(q) represents the Jacobian
sing;sina;_;  cosO;sina;_;  cosa;_y  d;cosa;_y matrix, element in Row i column j is /;;(q) = @. The
0 0 0 1 qj
2-1) base coordinate system of waist does not coincide with

The transformation matrices between lower limb
linkage coordinate systems are as follows:

[cosf; —sinB; 0 O
o — sin8; cos8; 0 O 20
! 0 0 1 250 @-2)
L 0 0 0 1
cos@, —sinf, 0 0
1| 0 0 -1 -260 i
ol = sin@, cosf, 0 0 (2-3)
) 0 0 1
cosf; —sinf; 0 410
a7 — sinf; cosf; 0 O 2.4
3 0 0 1 0 2-4)
) 0 0 1
cosf, —sinf6, 0 390
35 _ |sinb, cosf, 0 0 )
AT 0 0 1 0 @-5)
0 0 0 1

In the coordinate system J, the transformation matrix
of the coordinate system K can be obtained by
multiplication: T = ]_[{-‘:jl i+4T. Then the position and

pose matrix of the end of the robot is:
nx Ox ax px

op — opipep3r=|" Oy Gy Dy
4 14 24 31 4 n, 0, a, Dy
o 0 0 1

(2-6)
After calculation,

n, = c4(clc2c3 — c1s2s3) — s4(clc2s3 + c1s2c3)
ny, = c4(s1c2c3 — s152s3) — s4(s1c2s3 + s1s2c3)
n, = c4(c2s3 + 52¢3) + s4(c2c3 — s253)
0y = —c4(clc2s3 + c1s2c¢3) — s4(clc2c3 — c1s2s3)
0y, = —c4(s1c2s3 + 5152c3) — s4(s1c2c3 — s15253)

0, = c4(c2c3 — s253) — s4(c2s3 + s2c3)

a, =sl1
a, = —cl
a,=0

px = 26051 + 410c1c2 + 390c1c2c3 — 390c1s2s3
py = 410s1c2 — 260c1 + 390s1c2c3 — 390s1s2s3
p, = 41052 + 390c253 + 390s2¢3 + 250
2-7)
In these equations, c1 = cosO,, s1 =sinf,, c2 =
cos0,, s2 =sinb,, c3 =cosO3, s3 =sinbz, c4=
cos0,, s4 = sinf,.

2.1.2 Velocity analysis

It is necessary to know the relationship between the
plantar velocity and the motion speed of each joint in the
control process of the rehabilitation robot. The Jacobian
matrix is the transformation matrix of the robot's end
effector speed and joint velocity [3]. It can be regarded
as the speed transmission ratio from the joint space to the
operating space. The kinematic equation of the
mechanical leg is x = x(q). The derivative of time t on
both sides of the equation is calculated. equation X =

the coordinate system of thigh connecting rod. So there
is a joint between the waist and hip joint. It is just not
moving, which is equivalent to a lock of the joint. In this
paper, J(q) is a 6*4 Jacobian matrix.

q1 G1
vl _ 92| _ Uu Jz i ]z4] g2
[w] /(@) C1:3 a1 Jaz Jaz Jaas ‘1:3
qs qa
(2-8)
There is the following formula for the rotational joint
1.
(p X n), n,
T]li = (p X O)Z T]ai 0z (2'9)
(p X a)z az

In the formula, 71, G, d and P are the four column
vectors of the matrix JT.According to the homogeneous
transformation matrix between adjacent connecting rods,
3T , 2T , iT , 9T can be obtained. The above
homogeneous transformation matrix elements are
brought into the form, so that the following results can
be obtained.

J,=[000001]" (2-10)
J5=[000001]" (2-11)
J,=[4*B 4xC 0 B C o] (2-12)

J,=[(4+250)%B (4+250)*C 0 B C O] (2-13)

In these equations:

A=410s2 +390c2s3 + 390c3s2
B=cB4(c2c3 - s253) - s4(c2s3 + ¢3s2)
C=c4(c2c3 - s2s3) - s4(c2s3 + c3s2)

Thus Jacobian matrix | = [J; J, J3 J4] is obtained.
The velocity of the end effector can be obtained by
calculating the joint velocity by Jacobian matrix.
Conversely, the speed of each joint can be solved by the
velocity of the end effector. The calculation formula is
g = J71(q)v. The acceleration value of the joint and end
effector can be obtained by re derivation. The calculation

formula is § = [Z] =] E - /).

2.2 Dynamic modeling and calculation

Dynamics of exoskeleton mechanical legs is discussed in
order to further discuss control problems [4]. The
dynamic mathematical model of robot operation is
mainly analysed by two theories. The first method is the
dynamic equilibrium method of force. By using Newton
Euler equation, the acceleration is obtained from
kinematics and the internal forces are eliminated [5]. The
second method is Lagrange's function balance method.
This method only needs speed without internal force. In
this paper, the second method is used to analyse the
dynamics of exoskeleton mechanical legs.

The Lagrange function L is defined as the difference
between the kinetic energy K and the potential energy P
of the system. Its expression is as follows:
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L=K-P (2-14) The Lagrange function L of the three link
The Lagrange equation in this paper is as follows: mechanical leg system is obtained according to formula
- 208L oL ._ ) 2-14).
= aise a0 D123 @-15)

Among them, g; is the coordinates of the kinetic
energy and the potential energy. Symbol ¢, represents
the corresponding speed. Symbol F; represents the force
or torque acting on the coordinates of i. The three link
model of exoskeleton mechanical legs is shown in Figure
2.2.m;, m, and ms represent the quality of the thigh bar,
leg bar and foot in the picture. The points at the end of
the connecting rod represent the quality.d,, d, and d;are
the length of the three connecting rods. 8,, 8, and 6;are
generalized coordinates. Letter g represents the
acceleration of gravity.

vl

{-;..v.)'gm'
l N
A

Uf(h"?:lr':i}
Figure 2.2. Three link model diagram of the mechanical leg
The kinetic energy K and the potential energy P of
the thigh link can be expressed as:
Ky = >m,d?6? (2-16)
P, = —m,gd,cos6; (2-17)
The kinetic energy K and the potential energy P of
the leg link can be expressed as:
Kz = %mzd%elz + %mzd%(91+92)2 +
m,d,d,cos8,(6% + 6,6,)
(2-18)
P, = —m,gd,;cos8; —m,gd,cos(6, + 6,) (2-19)
The kinetic energy K and the potential energy P of
the foot link can be expressed as:
K3 = %m:;d%ef + %m:;d%(el + 92)2 + %m3d§(61 +
b, + 65)% + myd;d,6,(6, + 6,)cosb, +
mad,d;64(6; + 6, + 63)cos(6, + 65) +
msd,d; (6, + 0,)(6; + 8, + 63)cosb;
(2-200
P; = —m3gd,cos6; —mzgd,cos(6; + 6,) —
msgdscos(0; + 6, + 653) (2-21)
In this way, the total kinetic energy and total
potential energy of the three link mechanical leg system
are:
K = Kl +K2 +K3 Zi(ml +m2 +m3)d%9.12 +
> (my +m3)d3(6,+8,) + 2 m3d3 (6, + 6, + 63)* +
(m2+m3)d1d29‘1(9'1 + 92)60392 + myd,d36,(6; +
6, + 05)co s(0, + 03) + m3 dods(6; + 6,)(6; + 6, +
65)cosb; (2-22)
P =P1+P2+P3 = —(m1+m2+m3)gd1C0391 -
(my, + m3)gd,cos(6; + 0,) — msygdscos(6, + 6, +
65) (2-23)

L=K-P =%(m1 +m, + m3)d26? +%(m2 +
m)d3(6,+8,)" +2myd3 (6, + 6, + )" +
(my+m3)dyd,6,(6; + 6,)cos0, + mad,ds6, (6, +
6, + 63) cos(8, + 605) + my dyds (6, + 6,)(6, + 6, +
65)cosf; + (m; + m, + m3)gd,cosf; + (m, +
mg)gd,cos(0, + 0,) + mggd; cos(6, + 0, +03) (2-
24)

Take the corresponding derivative and partial
derivative into the formula (2-15).Then the kinetic
equations of hip joint, knee joint and ankle joint that be
expressed by T;, T, and T; can be obtained.

1 —%%_;—;: [(my + my +m3)df + (m, +
msy)d3 + myd3 + 2(m, + my)d,d,cos6, +
2msd;ds cos(0, + 05) + 2mad,ds cos 6516, +
[(m, + m3)d3 + msd3 + (m, + m3)d,d,cos6, +
mad,;d; cos(0, + 63) + 2myd,ds cos 65]6, +
[mzd3 + myd,d; cos(8, + 05) + myd,ds cos 03165 —
2[(m, + m3)d,d,sin8, + myd,d; sin(0, +
03)16,6, — 2[msd,d; sin(6, + 65) +
myd,dssinfs6,65 — 2[msd dssin(6, + 63) +
mad,d;sind;]6,605 — [(m, + my)d,d,sind, +
mad,d; sin(0, + 05)]02 — [msd, dssin(0, + 65) +
mad,dssind;]62 + (my + m, + my)gd, sinf, +
(my, + m3)gd,sin(6; + 0,) + mygd; sin(6; + 06, +
8;) (2-25)

T, = 2036, 96, [(m; + m3)d5 + mad3 + (M, +

mz)d,d,cos0, + msd d; cos(6, + 03) +
2myd,d;c056516; + [(my + m3)d2 + myd? +
2myd,d;c056516, + (myd3 + myd,dscos6s)6; —
2myd,d;sind;6,605 — 2msd,d;sind;6,60; + [(m, +
m3)d,d,sind, + myd,ds sin(0, + 65)]67 —
mad,dssin;02 + (my + m3)gd,sin(8; + 6,) +
msgds sin(6, + 0, + 053)

(2-26)

3 = %:7173 - :TZ = [m3d3 + mzd,ds cos(0, + 65) +
msd,dsc0s6516; + (mzd3 + myd,dscos63)6, +
m3d36; + 2myd,dssinds;6,6, + [myd,ds sin(6, +
05) + msd,dssind;10% + myd,dssind, 02 +
mygds sin(6, + 0, + 03)

(2-27)

3 Structure design

The human body is mainly in sagittal plane when
walking normally. Flexion and extension of the hip joint,
knee joint and ankle joint are the main driving force of
the movement. In this paper, an exoskeleton
rehabilitation robot with three degree of freedom is
designed to meet the needs of normal walking of
human body. The flexion or extension of the hip joint,
the knee joint and the ankle joint are the active rotational
degrees of freedom. The disc motor is selected to drive
the three joints. In addition, the torque is increased by
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the harmonic reducer. The lower limb rehabilitation
robot designed in this paper has five parts including the
system framework, the weight reduction mechanism, the
balance mechanism, the exoskeleton mechanical leg and
a treadmill.

3.1 3D modeling

Figure 3.1. Model map of lower limb rehabilitation robot
The system frame is constructed by 80*80 aluminum
alloy profiles. The assembly part of the profile is
connected with the corners, which is used to strengthen
the supporting force of the points connected to the
profiles. The handrail is fixed on the frame with an
emergency stop button on it, which can stop operation
under sudden condition to ensure the patient's personal
safety. The alloy hoofs support the whole frame.

The weight reduction mechanism can help patients
reduce their own weight and avoid pressing their lower
extremities. One end of the wire rope is attached to the T
nut connected with the screw rod, and the other end
passes through the pulley block to wrap on the windlass
installed on the front. The patient wore a vest and was
suspended on a flat plate connected under a movable
pulley, which was connected with a Tianmu NS-WL1
tension pressure sensor between the movable pulley and
the flat plate. When walking on the treadmill, the central
of gravity of the body has the offset of positive and
negative S0mm in the vertical direction [6]. So it is
necessary to control the motor synchronously according
to the position of the body's central of gravity. The
motor drives the lead screw to rotate, so as to realize the
movement of the T nut and maintain the tension of the
wire rope connected by the T nut. The balance
mechanism is mounted on the frame, and one end of the
balancing mechanism is fixedly connected with the
exoskeleton mechanical leg. It allows patients to move
up and down and restrict left and right movements to
ensure the body balance during walking. Suspension by
wire rope can reduce the weight of the mechanism and
avoid additional burden on the lower extremities.

The hip, knee and ankle joints of exoskeleton
mechanical legs are driven by six disc motors and
harmonic decelerators respectively. In addition, each
joint is equipped with an angle sensor. According to the
national standard GB/T10000-1988 "Chinese adult body
size", the mechanical leg adjustable length range is
designed. The adjustable range of the thigh rod is
350~470mm. The adjustable range of the leg length is
330~450mm. The Shanghai Jiuzhi L10M-100KG
pressure sensor is arranged in the middle of the double

foot pedals of the mechanical legs. The plantar force and
related time parameters of patients in exercise state were
measured. This is beneficial for medical clinical
diagnosis and evaluation of rehabilitation treatment
results.

3.2 Selection and calculation of driving mode

The maximum output torque of the ankle joint is 15Nm.
Rehabilitation training requires that ankle dorsiflexion or
plantar flexion should be completed in more than 6
seconds, Then the speed of the reducer output is required
to be 0.29rad/s. Therefore, the basic power of the output
is 0.29%15=4.36w. According to the sample of Maxon
motor products, EC45 disc 30W brushless motor is
selected. This type of motor has a rated output torque of
S9Nm and a rated speed of 2860rpm. The harmonic
reducers from Beijing Institute of Harmonics with the
reduction ratio of 160 were selected. The model is XB3-
1-63-160. The motor rotation speed is 443rpm .
According to the motor characteristic curve, the output
torque of the motor is 125mNm as soon as the motor
reaches 443rpm speed. In the meantime, the output
torque of the joint is 20Nm after harmonic reduction.
The harmonic reducer can withstand the torque of 30Nm,
which completely meets the design requirements.
Similarly, the Maxon motor EC90 disc 260W brushless
motor is selected for the knee joint. In addition, a
harmonic reducer with a reduction ratio of 50 is selected.
The model is XB3-1-100-50. The Maxon motor EC90
disc 260W brushless motor is selected for the hip joint.
In addition, a harmonic reducer with a reduction ratio of
70 is selected. The model is XB3-1-100-70.

4 Conclusion

To achieve rehabilitation, we performed dynamic
analysis and kinematic analysis of the lower limb
rehabilitation robot. According to the analysis, the lower
limb rehabilitation robot designed in this paper has five
parts, including the system framework, the weight
reduction mechanism, the balance mechanism, the
exoskeleton mechanical leg and a treadmill. The Maxon
EC45 disc 30W brushless motor is selected for the ankle,
both keen and hip joint are equipped with Maxon motor
EC90 disc 260W brushless motor. In order to get the real
time information of human body, Shanghai Jiuzhi
L10M-100KG pressure sensor is arranged in the middle
of the double foot pedals of the mechanical legs.
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