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Abstract: Most of currently rehabilitation robots cannot achieve the adduction/abduction (A/A)
training of the hip joint and lack the consideration of the patient handling. This paper presents
a four degrees of freedom (DOF) spatial workspace lower limb rehabilitation robot, and it could
provide flexion/extension (F/E) training to three lower limb joints and A/A training to the hip joint.
The training method is conducting the patient’s foot to complete the rehabilitation movement, and the
patient could directly take training on the wheelchair and avoid frequent patient handling between
the wheelchair and the rehabilitation device. Because patients own different joint range of motions
(ROM), an analysis method for obtaining human joint motions is proposed to guarantee the patient’s
joint safety in this training method. The analysis method is based on a five-bar linkage kinematic
model, which includes the human lower limb. The human-robot hybrid kinematic model is analyzed
according to the Denavit-Hartenberg (D-H) method, and a variable human-robot workspace based
on the user is proposed. Two kinds of trajectory planning methods are introduced. The trajectory
planning method and the human joint analysis method are validated through the trajectory tracking
experiment of the prototype.

Keywords: rehabilitation robot; human joint analysis; human-robot hybrid model; trajectory planning

1. Introduction

As a common disease in the elderly population, stroke has a high probability of causing
physical-motor disability [1,2]. The disability seriously affects the lives and families of patients.
There are several million newer stroke patients every year in the world [3,4]. It means that the
traditional manual rehabilitation by therapists cannot meet the great demand for rehabilitations.
The rehabilitation robot is an efficient human-robot interaction system, which could be applied in
stroke, sport injuries and surgery rehabilitations. The effect of rehabilitation robots has been verified
and recognized through the clinical trial in last decades [5–7].

The lower rehabilitation robot has been rapidly developed in recent years, and it could be divided
into exoskeletons, moving platforms and parallel platforms [8]. Exoskeletons mainly refer to the
wearable human-like mechanical legs. Rehabilitation exoskeletons are generally equipped with a
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treadmill and a weight reducing device, and exoskeletons could assist the user to complete the gait
training on the treadmill [9–14]. A lower limb gait training rehabilitation robot named AIRGAIT has
been developed by Shibaura Institute of Technology, and the exoskeleton of AIRGAIT mainly consists
of a robotic orthosis, springs and parallel linkages [15]. Currently, the available moving platform
robots have many types of mechanical structures; the training methods of them are carrying the limb
to achieve the movement through terminal pedals or platforms [16–21]. A 5-DOF (degrees of freedom)
hip-joint rehabilitation robot allows for full movements of the hip joint, and the user lying on the robot
could be conducted to complete the training by the platform [22]. The working method of parallel
platforms is same as moving platforms, and parallel platforms are generally applied in ankle joint
rehabilitations because the workspace is limited by parallel structures [23–28]. A 9-DOF hybrid parallel
ankle rehabilitation robot has been investigated by Rakhodaei et al., which consists of nine linear
actuators and two moving platforms [29]. A comparison summary of typical lower rehabilitation
robots is shown in Table 1.

Table 1. Comparison summary of typical lower rehabilitation robots. Hip (H), Knee (K), Ankle (A),
Leg (L), Bed (B), Wheelchair (W) and Device (D).

Reference Training Joint Joint DOF Patient Handling
(Unable Stand) Training Posture

This paper H-K-A 2-1-1 B-W Sitting
[9] H-K-A 1-1-1 B-W-D Standing
[10] K 1 B-W-D Sitting
[13] H-K-A 1-1-1 B-W-D Standing
[14] H-K-A 1-1-1 B-W-D Standing
[15] H-K-A 1-1-1 B-W-D Standing
[16] H-K-A 1-1-1 B-W-D Sitting
[17] H-K-A 1-1-1 B-W-D Sitting/lying
[19] L 3 B-W-D Standing
[18] H-K-A 1-1-1 B-W-D Sitting
[20] H-K-A 1-1-1 B-W-D Sitting/lying
[22] H 2 B-W-D Lying
[25] A 2 B-W Sitting
[26] A 3 B-W Sitting
[27] A 3 B-W-D Sitting
[28] L 3 B-W-D Standing
[29] A 3 B-W Sitting

However, although various types of rehabilitation robots have been developed, little attention is
paid to the adduction/abduction (A/A) training of the hip joint, and the problem of the patient handling
before training. Currently, available rehabilitation robots could seldom achieve the hip A/A training.
Besides, most of rehabilitation robots are inconvenient to the patient handling. It generally takes at
least two medical staffs to help the patient (no standing ability) move in the rehabilitation device.

This paper proposes a 4-DOF spatial workspace rehabilitation robot, which could perform the
A/A training in the hip joint and the flexion/extension (F/E) training in three joints of the lower limb.
Because of the reliably mechanical structure and the newer working method, patients could directly
do their rehabilitation training on wheelchairs without patient handling. On account of the spatial
workspace, this robot could achieve the circumduction training of the hip joint. Circumduction training
is a thigh conical motion combined with the F/E and the A/A, and several studies have proved that the
circumduction training is quite helpful to the hip rehabilitation after the hip surgery [30,31]. As the
working method of this robot is conducting the patient’s foot to complete the training movement,
the patient’s joint range of motions (ROM) must be guaranteed. The solution is proposing an analysis
method for obtaining human joint motions. This robot could plan the trajectory depending on the of
patient’s joint ROM. Moreover, the research has demonstrated that there is a window of enhanced
neuroplasticity early after stroke [32]. Compared to other rehabilitation robots, this robot could
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participate in rehabilitation therapy earlier. That is, the patient in the flaccid paralysis period could use
this device under the guidance of the doctor.

In this paper, the mechanical structure of this robot is shown in the Section 1. The human-robot
hybrid kinematic model, the kinematic analysis and the human joint analysis are introduced in Section 2.
Section 3 shows the human-robot workspace and two methods of the trajectory planning. Finally, the
trajectory tracking experiment and the result analysis are shown in the Section 4.

2. Mechanism Design

This robot consists of two symmetric leg training parts, as shown in Figure 1, and each part
includes the main motion module, the adduction/abduction motion module and the ankle motion
module. Each leg training part could provide training for left/right legs, and the left/right leg training
mode could be switched by changing the assembling position of the linear actuator. This robot
could provide passive training, teaching training and resistance training. One of leg training parts is
introduced in following chapters.
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Figure 1. 4-DOF (degrees of freedom) spatial workspace lower limb rehabilitation robot.

As shown in Figure 2, the main motion module is a 2-DOF parallel mechanism working in the
sagittal plane. The 2-DOF parallel mechanism has a reliably bearing capability, and this design could
reduce the robot width size. The drive line consists of a DC motor, a ball screw and a movable base;
it could convert angle displacements of the motors into linear displacements of bases. Two opposite
drive lines are fixed on the underframe. The cooperation of double base motions could provide linear
and angled sagittal motions to the upper mechanism. The range of the angle displacement is from 25◦

to 80◦; the maximum linear displacement is 500 mm. An angle sensor is assembled in the main link,
and a limit switch is fixed on the far end of the main ball screw. The measuring range of the angle
sensor is ±180◦, and the precision is ±0.2◦. The sensor and the limit switch are used for the safety
detection and the amplifier homing.

The adduction/abduction motion module is a parallelogram mechanism, as shown in Figure 3a,
which is fixed on the main motion module. The A/A movement of the hip is conducted by the
motion of the parallelogram mechanism; the parallelogram mechanism is driven by a linear actuator
assembled on the main motion module (Figure 6b). The linear actuator is in the minimum length while
the parallelogram mechanism is collinear to the main motion module; the maximum angle between
the parallelogram mechanism and the main motion module is 40◦ while the linear actuator is in the
maximum length.



Appl. Sci. 2020, 10, 4542 4 of 17Appl. Sci. 2020, 10, x FOR PEER REVIEW 4 of 18 

Ball screw Movable 
base

DC motor Main link Subsidiary
link

Limit 
switch

Angle 
sensor

 

Figure 2. Main motion module. 

The adduction/abduction motion module is a parallelogram mechanism, as shown in Figure 3a, 

which is fixed on the main motion module. The A/A movement of the hip is conducted by the motion 

of the parallelogram mechanism; the parallelogram mechanism is driven by a linear actuator 

assembled on the main motion module (Figure 6b). The linear actuator is in the minimum length 

while the parallelogram mechanism is collinear to the main motion module; the maximum angle 

between the parallelogram mechanism and the main motion module is 40° while the linear actuator 

is in the maximum length.  

Linear 
actuator

Parallelogram 
mechanism

Support 
shaft

Support 
shaft

Tension/compression 
force sensor

Foot pedal

DC 
motor

Sun 
pulley

Planetary 
pulley

Bearing 
module

(a) (b)

 

Figure 3. Adduction/abduction (a) and ankle (b) motion modules. 

The structure of the ankle motion module is similar to a planetary gear train, and the ankle 

motion module could rotate around the support shaft of the parallelogram mechanism. The timing 

belt and pulley system is shown in Figure 3b, and it mainly consists of a sun pulley fixed on the 

support shaft, a planetary pulley and a timing belt working as an inner ring gear. The planetary 

pulley is driven by a DC motor fixed under the foot pedal. The tension/compression force sensor is 

assembled under the pedal; bearing modules fixed to the sensor are assembled on the support shaft. 

The measuring range of the force sensor is ±5 kg. The angle displacement range of the pedal is from 

−60° to 60°, and it is limited by a machine key fixed on the support shaft.  

  

Figure 2. Main motion module.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 4 of 18 

Ball screw Movable 
base

DC motor Main link Subsidiary
link

Limit 
switch

Angle 
sensor

 

Figure 2. Main motion module. 

The adduction/abduction motion module is a parallelogram mechanism, as shown in Figure 3a, 

which is fixed on the main motion module. The A/A movement of the hip is conducted by the motion 

of the parallelogram mechanism; the parallelogram mechanism is driven by a linear actuator 

assembled on the main motion module (Figure 6b). The linear actuator is in the minimum length 

while the parallelogram mechanism is collinear to the main motion module; the maximum angle 

between the parallelogram mechanism and the main motion module is 40° while the linear actuator 

is in the maximum length.  

Linear 
actuator

Parallelogram 
mechanism

Support 
shaft

Support 
shaft

Tension/compression 
force sensor

Foot pedal

DC 
motor

Sun 
pulley

Planetary 
pulley

Bearing 
module

(a) (b)

 

Figure 3. Adduction/abduction (a) and ankle (b) motion modules. 

The structure of the ankle motion module is similar to a planetary gear train, and the ankle 

motion module could rotate around the support shaft of the parallelogram mechanism. The timing 

belt and pulley system is shown in Figure 3b, and it mainly consists of a sun pulley fixed on the 

support shaft, a planetary pulley and a timing belt working as an inner ring gear. The planetary 

pulley is driven by a DC motor fixed under the foot pedal. The tension/compression force sensor is 

assembled under the pedal; bearing modules fixed to the sensor are assembled on the support shaft. 

The measuring range of the force sensor is ±5 kg. The angle displacement range of the pedal is from 

−60° to 60°, and it is limited by a machine key fixed on the support shaft.  

  

Figure 3. Adduction/abduction (a) and ankle (b) motion modules.

The structure of the ankle motion module is similar to a planetary gear train, and the ankle motion
module could rotate around the support shaft of the parallelogram mechanism. The timing belt and
pulley system is shown in Figure 3b, and it mainly consists of a sun pulley fixed on the support shaft,
a planetary pulley and a timing belt working as an inner ring gear. The planetary pulley is driven by a
DC motor fixed under the foot pedal. The tension/compression force sensor is assembled under the
pedal; bearing modules fixed to the sensor are assembled on the support shaft. The measuring range
of the force sensor is ±5 kg. The angle displacement range of the pedal is from −60◦ to 60◦, and it is
limited by a machine key fixed on the support shaft.

3. Kinematic Analysis

In order to obtain the human joint motions, the human lower limb is considered as a passive
linkage in the kinematic model. Based on the human-robot hybrid kinematic model, the connection
between the mechanism linkage and the lower limb linkage is determined. The analysis result could
be used for planning training motions by doctors, and the motions of the human joints could be shown
to the doctor during the training.

3.1. Human-Robot Hybrid Kinematic Model

The human-robot hybrid kinematic model could be simplified as a slider-bar linkage as shown in
Figure 4. The parallel mechanism of the main motion module is equivalent to a PR mechanism (AB),
and the parallelogram mechanism could be regarded as a link (BC). D, E and F represent the ankle,
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knee and hip joints of the user. As the user’s foot is tied to the foot pedal of the ankle motion module,
the linear displacement extending from the ankle joint (D) to the support shaft (C) could be regarded
as a link (CD). The lower limb is equivalent to a passive UR mechanism (EFD), which could rotate in
the plane XOY.
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Figure 4. Human-robot hybrid kinematic model.

The a0 represents the linear displacement of the movable base; θ1, θ2 and θ3 are joint angles of the
robot; θ5 and θ6 represent the A/A angle and the F/E angle of the human hip joint; θ7 represents the
F/E angle of the human knee joint. θ2 is the rotation angle of l2 (GB as an axis), and θ5 is the rotation
angle of l5 (HF as an axis). l1 and l2 are the link lengths of the robot; l3 is the length between the point
C and D; l5 and l6 are the lengths of the human thigh and crus; XF and ZF represent the position of the
human hip in the coordinate system {XOZ}. In addition, the lower limb length of the user, the height
from the foot sole to the ankle joint and the position of the hip should be measured before training.

3.2. Forward/Inverse Kinematics

The human-robot hybrid linkage coordinate system is built as shown in Figure 5; the global
coordinate system

{
O− x0y0z0

}
is located on the far end of the main ball screw while the plane x0Oz0 is

parallel to the sagittal plane. The linkage chain is divided into the linkage ABC and the linkage FED
(right leg), and the forward/inverse kinematics of two parts are solved through the Denavit-Hartenberg
(D-H) method in the global coordinate system

{
O− x0y0z0

}
.

As the shape change of the parallelogram mechanism cannot change the relative direction of the
opposite link, the coordinate transformation of θ2 is divided into 1

2T and 2
3T. The D-H parameters of

the linkage ABC are listed in Table 2. The directions of θ1, θ3 and θ5 are defined against the arrow
directions shown in Figure 5.
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Table 2. Denavit-Hartenberg (D-H) parameters of the linkage ABC.

ai−1 αi−1 di θi

a0 −90◦ 0 −θ1
l1 90◦ 0 θ2
l2 0◦ 0 −θ2
0 −90◦ 0 −θ3

The transformation matrix i−1
i T, which represents the coordinate transformation from frame i− 1

to i, is obtained from Equation (1):

i−1
i T = Rot(x,αi−1)Trans(x,αi−1)Rot(z,θi)Trans(z, di)

=


cθi −sθi 0 ai−1

sθicαi−1 cθicαi−1 −sαi−1 −disαi−1

sθisαi−1 cθisαi−1 cαi−1 dicαi−1

0 0 0 1

,
(1)

where c∗ = cos(∗) and s∗ = sin(∗). The coordinate that transforms from
{
x0y0z0

}
to

{
x4y4z4

}
is calculated

as follows:

0
4T = 0

1T1
2T2

3T3
4T =


n1x o1x a1x p1x
n1y o1y a1y p1y
n1z o1z a1z p1z
0 0 0 1


=


cos(θ1 + θ3) sin(θ1 + θ3) 0 l2cosθ1cosθ2 + l1cosθ1 + a0

0 0 1 l2sinθ2

sin(θ1 + θ3) −cos(θ1 + θ3) 0 l2sinθ1cosθ2 + l1sinθ1

0 0 0 1

,
(2)

where θi represents the rotation angle; a0 is the linear sliding motion of the prismatic joint.
The forward/inverse kinematics of the linkage ABC could be expressed as 0

4T and Equation (3):
θ1 = arcsin p1z

l1+l2cosθ2

θ2 = arcsin
p1y
l2

θ3 = arctan( n1z
n1x

) − θ1

a0 = p1x − l1cosθ1 − l2cosθ1cosθ2

. (3)
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Similarly, the transformation of the linkage FED could be calculated using the D-H parameters
in Table 3. To analyze the linkage ABC and the linkage FED in one coordinate system, a coordinate
transformation matrix 0

FT between
{
x0y0z0

}
with

{
xFyFzF

}
is built. The forward/inverse kinematics of

the linkage FED is expressed as follows:

0
8T = 0

FTF
5T5

6T6
7T7

8T =


n2x o2x a2x p2x

n2y o2y a2y p2y

n2z o2z a2z p2z

0 0 0 1


=


−cosθ5cos(θ6 + θ7) cosθ5sin(θ6 + θ7) sinθ5 p2x

sinθ5cos(θ6 + θ7) −sinθ5sin(θ6 + θ7) cosθ5 p2y

sin(θ6 + θ7) cos(θ6 + θ7) 0 p2z

0 0 0 1

,
(4)


θ5 = arctan(

P2y
XF−p2x

)

θ6 = arccos
(

A2+B2+l25−l26
2l5
√

A2+B2

)
+ arctan( B

A )

θ7 = arcsin(B−l5sinθ6
l6

) − θ6

, (5)

where
p2x = XF − l6cosθ5cos(θ6 + θ7) − l5cosθ5cosθ6

p2y = l6sinθ5cos(θ6 + θ7) + l5sinθ5cosθ6

p2z = ZF + l6sin(θ6 + θ7) + l5sinθ6

A =
XF−p2x
cosθ5

B = p2z −ZF

Table 3. D-H parameters of the linkage FED.

ai−1 αi−1 di θi

XF 0◦ ZF 180◦

0 0
◦

0 −θ5
0 90◦ 0 θ6
l5 0◦ 0 θ7
l6 0◦ 0 0

In addition, the θ1 is actually controlled by two linear displacements (a0 and a1) as shown in
Figure 6a. θ2 shown in Figure 6b is determined, and depends on the length L of the linear actuator.
The linear displacements (a1 and L) are calculated as follows:

a1 = a0 +
√

l12cos2θ1 − l12 + l42 + l1cosθ1, (6)

L =
√

l28 + l29 + 2l8l9sinθ2, (7)

where l4 is the link length of the subsidiary link; l8 and l9 depend on the position of the linear actuator.
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3.3. Analysis of Human Joints

The linear displacement extending from the user ankle joint to the last mechanical revolution joint
is regarded as link l3, and the human ankle is regarded as a passive spherical joint. Based on the end
point positions of the mechanism linkage ABC and the lower limb linkage FED, the connection of the
two linkages could be built as follows: 

p1x + l3 · n1x = p2x

p1y + l3 · n1y = p2y

p1z + l3 · n1z = p2z

. (8)

Substituting the mechanism/human joint angular position information into Equation (8), the other
joint angular position information could be obtained. Doctors could formulate the training trajectory
depending on the joint ROM of patients; the motions of the patient’s joints could be calculated and
shown to doctors during the training.

3.4. Velocity Analysis

The end effector velocity can be obtained from mechanical joint velocities through the Jacobian
matrix, as in Equation (9): [

v
ω

]
= J(q) ·

.
q =

[
Jl1
Ja1
· · ·

Jli
Jai

]
.
q, (9)

where
.
q =

[ .
a0,

.
θ1,

.
θ2,−

.
θ2,

.
θ3

]T
represents the joint velocities; v and ω are the linear and angular

velocities of the end effector; Jli (linear) and Jai (angular) represent the velocity connections between
the joint i and the end effector. The Jli and Jai could be calculated from Equation (10):[

Jli
Jai

]
.
qi =

[
RT

i −RT
i S(pi)

0 RT
i

][
vi
ωi

]
, (10)

where RT
i is the transpose of the rotation matrix in i

6T ; pi is the position vector in i
6T ; vi and ωi are linear

and angular velocities in frame i; S(pi) is the skew-symmetric matrix related to pi, and it is shown as:

S(pi) =


0 −pz py

pz 0 −px

−py px 0

. (11)
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As
.
q3 and

.
q4 are the same variables for

.
θ2,

[
Jl3 Ja3

]T
and

[
Jl4 Ja4

]T
could be combined

together. Finally, J(q) is calculated as:

J(q) =



cos(θ1 + θ3)

sin(θ1 + θ3)

0
0
0
0

−l2cosθ2sinθ3 − l1sinθ3

l2cosθ2cosθ3 + l1cosθ3

0
0
0
1

−l2sinθ2cosθ3

−l2sinθ2sinθ3

l2cosθ2

0
0
0

0
0
0
0
0
1


. (12)

3.5. Kinematic Simulation of Mechanism Model

To verify the kinematic equation solving, a verification based on the simulation model is conducted
in the software Automatic Dynamic Analysis of Mechanical Systems (ADAMS) as shown in Figure 7.
The main steps include inputting the model, adding constraints and setting the drive equations.
The joint initial positions are

[
a0 θ1 θ2 θ3

]
=

[
600 61◦ 20◦ 30◦

]
, and the initial position

of the end effector is (1019.7, 167.6, 777). The drive equations are given as follows.
a0 = 300 cos(t) + 300
θ1 = 11◦cos(t) + 50◦

θ2 = 16◦sin(t) + 20◦

θ3 = 30◦cos(t)

. (13)
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After setting the other relative parameters, the displacement and velocity of the end point could 

be simulated through the software. Alternately, the end point motion information could be calculated 

by substituting the joint information into kinematic equations. Two sets of end point motion results 

are shown in Figure 8. Comparing two curves of the end point motions, it could be found that 

Figure 7. Simulation model in Automatic Dynamic Analysis of Mechanical Systems (ADAMS).

After setting the other relative parameters, the displacement and velocity of the end point could
be simulated through the software. Alternately, the end point motion information could be calculated
by substituting the joint information into kinematic equations. Two sets of end point motion results are
shown in Figure 8. Comparing two curves of the end point motions, it could be found that kinematic
calculation results are largely in agreement with simulation results from ADAMS. The calculation of
the kinematic equation solving is verified.
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4. Trajectory Planning

4.1. Human-Robot Workspace

Before planning the training trajectory, the workspace of the robot needs to be determined.
The workspace refers to the spatial point set of the end effector, which represents the activity scope
of the robots. As a virtual link (l3) is assumed between the robot and the human in the kinematic
analysis of Section 3, the human ankle joint (point D) is regarded as the mechanism end point in the
workspace analysis. The workspace is analyzed with the numerical method, and the robot workspace
is a hexahedron as shown in Figure 9. Substituting the extreme value of each joint into the forward
kinematic, and workspace boundaries of the robot could be determined.
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Figure 9. The spatial workspace of the robot.

In effect, the robot workspace could not directly be applied for the training planning due to the
limited range of human joint motions. The intersection of the robot workspace and the lower limb
motion space is feasible for the training planning. Besides, patients with different limb lengths and
joint ROM own different motion spaces; therefore, the stable workspace is not suitable for each patient.
To guarantee the patient’s safety and to avoid secondary damage, a variable human-robot workspace
is proposed.

The variable human-robot workspace is the overlapping part of two spaces, and it is changed
depending on different parameters of the human limb. Figure 10 shows a situation of the sagittal training,
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and the variable human-robot workspace is the shadow part. The hip joint positions (XF and ZF) are set
as 1790 mm and 600 mm. The lengths of the human thigh (l5) and crus (l6) are 396 mm and 496 mm.
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Figure 10. The variable human-robot workspace.

4.2. Trajectory Planning Mehthod

Two methods for the trajectory planning are presented in this section. One is formulating the
trajectory in the human-robot workspace directly, and then calculating the mechanical joint motions
through the inverse kinematic. The other is inputting the patient’s joint information, including the
ROM and the training speed; the next step is constructing the trajectory and then calculating the
mechanical joint motions. Two kinds of the training trajectories planned by two methods are shown in
Figures 11 and 12.Appl. Sci. 2020, 10, x FOR PEER REVIEW 12 of 18 
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The circle training trajectory is applied in the sagittal multiple joint training, which is calculated
by the first method. The main approach is calculating the typical incircles of the workspace boundaries,
and other circles could be obtained by modifying the typical circles. The position of the incircle center
could be obtained from Equation (14), and the circle trajectory is expressed as Equation (15). (x0 − x1)

2 + (z0 − z1)
2 = (r1 + r0)

2

(x0 − x2)
2 + (z0 − z2)

2 = (r2 − r0)
2 , (14)

{
x = x0 + r0sin(ωt)
z = z0 + r0cos(ωt)

, (15)

where x0 and z0 represent the center position of the trajectory circle; r0 is the radius of the trajectory
circle. xi and zi (i = 1 and 2) represent the center position of boundary arcs; ri (i = 1 and 2) represents the
radius of boundary arcs. ω represents the angular velocity of the trajectory circle, and t represents time.

Because there are multiple inverse position solutions of the robot mechanism model, the single
position planning cannot meet the requirement for all joints. Therefore, it is necessary to add the angle
([n1, o1, a1]) planning of the end effector. The main principle is remaining the absolute angle value of
the end effector in a lower degree to guarantee the human joints are trained in safe range.

The spherical ellipse training trajectory is used for the hip circumduction rehabilitation, and it is
planned depending on the patient’s joint ROM through the second method. To guarantee the training
effect of the hip joint, the patient’s leg is left straight in the circumduction training. The rotation center
could be calculated from the simplified Equation (4) by inputting the joint angle (θ5 and θ6) ranges of
the hip joint, and the trajectory of the human ankle could be built as follows:

x0 = XF − (l6 + l5)cosθ5cosθ6

y0 = (l6 + l5)sinθ5cosθ6

z0 = ZF + (l6 + l5)sinθ6

, (16)


x = XF − (l6 + l5)cos(θ5 + Asin(ωt))cos(θ6 + Bcos(ωt))
y = (l6 + l5)sin(θ5 + Asin(ωt))cos(θ6 + Bcos(ωt))
z = ZF + (l6 + l5)sin(θ6 + Bcos(ωt))

, (17)

where x0, y0 and z0 represent the rotation center position of the trajectory; θi represents the average
value of the joint angle range. A and B refer to the major semi-axis and minor semi-axis of the ellipse
trajectory, which are related to joint angle ranges.
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As the second method firstly considers the human joint ranges, the final trajectory should be
checked and modified to avoid exceeding the robot workspace. Each final trajectory calculated from
two methods is divided into a set of multitude points by the numerical method. The position of the
trajectory points could be obtained directly from the trajectory analytical formula; the velocity and
acceleration between every point are planned to make the speed smooth. The mechanical joint motions
could be calculated from the position array of points by inverse solving. Then, the motor control
commands could be determined from mechanical joint motions. The semi-close loop position control
is selected in the trajectory tracking experiment, and it is more suitable than other controls in this
accurate trajectory training.

To guarantee the patient’s safety, a human joint check function is built. It could verify and display
the human joint angle through the kinematic calculations. If the angle exceeds the preset or limitation
value, it would stop the training to avoid the secondary damage. Training trajectories provided by this
robot include the circle, straight, curve, helix and other spatial trajectories. Because the methods are
almost same, no more details are shown in this section.

5. Prototype Experiment

In this section, trajectory tracking experiments were conducted to verify the trajectory planning and
the human joint analysis method. A healthy subject was selected to associate the experiment, and the
informed consent was confirmed and signed by the subject before the experiment. The prototype of
this robot and relative parameters are shown in Figure 13.
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Figure 13. Prototype of the robot and relative experiment parameters. 

The subject parameters were inputted into the control system, and the adaptive workspace could 

be created. The right leg of the subject was remained relaxed, and the right foot was fixed to the robot 

Figure 13. Prototype of the robot and relative experiment parameters.

The subject parameters were inputted into the control system, and the adaptive workspace could
be created. The right leg of the subject was remained relaxed, and the right foot was fixed to the robot
pedal. Two 3-axis absolute angle sensors were tied to the thigh and crus of the subject, which were used
for detecting angle displacements of subject joints. Two passive trainings including the circle training
and spherical ellipse training were conducted in this experiment. Each training was run for five cycles;
the recorded data were taken for average processing and then were drawn into figures by MATLAB.

The circle trajectory was modified based on the maximum incircle of the S1, S2 and S3 boundary
arcs, which could be described through Equations (14) and (15). The circle center position was (1108.3,
0, 508.7), and the radius was 130 mm. The angular velocity ω was set as 0.11π rad/s. The end
point position theoretical calculation and the human joint angle theoretical calculation are shown in
Figures 14 and 15. The actual positions of the end point could be obtained through angle sensors and
encoders, and the actual angles of the human joints were detected by sensors tied to the subject’s leg.
Experimental results are also shown in Figures 14 and 15. The end point maximum displacement
errors between the calculation and the experiment were 5.46 mm and 4.84 mm in the X- and Z-axes,
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and the human joint angle maximum displacement errors between the calculation and the experiment
were 1.45◦ and 1.99◦ in θ6 and θ7.
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Figure 15. Comparisons of angles between the theoretical and the experiment.

The spherical ellipse trajectory is planned depending on the training requirement and the patient’s
ROM, and it is mainly used for the circumduction training. The spherical ellipse trajectory could
be described through Equations (16) and (17). The training range of the hip A/A was set from 0◦ to
20◦; the range of the hip F/E was set from −5◦ to 5◦; the angular velocity ω was set as 0.11π rad/s.
The comparisons of the end point positions and human joint angles are shown in Figures 16 and 17.
The end point maximum displacement errors between the calculation and the experiment were 3.01 mm,
5.46 mm and 4.19 mm in the X-, Y- and Z-axes, and the human joint angle maximum displacement
errors between the calculation and the experiment were 0.94◦ and 1.15◦ in θ5 and θ6.
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6. Discussion

Figures 14 and 16 show that the trajectory errors between the calculation and the experiment are
at a low level, so the result could prove that this robot has a great capability and could provide accurate
trajectory motions. From Figures 15 and 17, it could be found that the actual human joint motions
have the same pattern to theoretical calculations. Compared to manual rehabilitation, the error is in
the acceptable range. The experiment results indicate that this robot has a good performance in hip
A/A and sagittal trainings. This robot could acquire the valid information of patient’s joint motions
in training, and doctors could design the training depending on the patient’s joint ROM through
the robot. Therefore, it is feasible to regard this robot as an alternative solution to the traditional
lower rehabilitation.

Rehabilitation medicine is a wide subject, and it is mainly divided into neurological rehabilitation
(stroke) and orthopedic rehabilitation (surgery). There are both similarities and differences between
the two kinds of rehabilitations, and this device mainly targets stroke patients to help the patient in
avoiding limb physical-motor disability. In the future, more training functions for stroke would be
studied based on clinical applications.
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In the kinematic model of the lower limb, the ankle joint motion is not fully considered. This issue
is regarded as the main source of human joint errors. Meanwhile, the behavior of the A/A training is
not very well when the leg is not straight. The little axial rotation of the leg is the main reason of this
situation. These problems would be investigated in the future work.

7. Conclusions

A 4-DOF serial-parallel hybrid lower limb rehabilitation robot with the spatial workspace is
introduced in this article. The mechanism characters of this robot are the simple structure and the small
size, and the patient could directly do training from a wheelchair without patient handling. The training
movements of this robot include the hip A/A movement and F/E movements of three lower joints.
To guarantee the joint ROM, a method for acquiring the human joint motions is proposed. This analysis
method is based on a human-robot hybrid kinematic model. The joint motion information could be
used in the training detection and the trajectory planning. Two kinds of trajectory planning methods
in a variable human-robot workspace are introduced. Finally, the trajectory tracking experiment of
the prototype approves the accuracy of the robot trajectory planning and the feasibility of the human
joint analysis method. This robot could be a low-cost alternative solution for manual rehabilitation
because of the capability of training behaviors, and it has a good potential to be applied in hospitals or
nursing homes.
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