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Abstract. The target of this paper is to design a lightweight upper limb rehabilitation robot with space training
based on end-effector configuration and to evaluate the performance of the proposed mechanism. In order to
implement this purpose, an equivalent mechanism to the human being upper limb is proposed before the de-
sign. Then, a 4 degrees of freedom (DOF) end-effector-based upper limb rehabilitation robot configuration is
designed to help stroke patients perform space rehabilitation training of the shoulder flexion/extension and ad-
duction/abduction and elbow flexion/extension. Thereafter, its kinematical model is established together with the
proposed equivalent upper limb mechanism. The Monte Carlo method is employed to establish their workspace.
The results show that the overlap of the workspace between the proposed mechanism and the equivalent mecha-
nism is 96.61 %. In addition, this paper also constructs a human–machine closed-chain mechanism to analyze the
flexibility of the mechanism. According to the relative manipulability and manipulability ellipsoid, the highly
flexible area of the mechanism accounts for 67.6 %, and the mechanism is far away from the singularity on
the drinking trajectory. In the end, the single-joint training experiments and a drinking water training trajectory
planning experiment are developed and the prototype is manufactured to verify it.

1 Introduction

Strokes affect thousands of people around the world, and
nearly half of stroke survivors suffer from upper limb de-
fects, which makes it difficult for them to perform activities
of daily living (ADL) independently. For most patients, ex-
ercise therapy has the potential to partially restore the loss
of motor function (Béjot et al., 2016). Studies indicated that
long-term intensive training and practice would be benefi-
cial to the rehabilitation process of patients (Bertani et al.,
2017). Robot-assisted therapy equipment can provide high-
intensity, repetitive, interactive treatments for the affected
upper limbs and obtain physiological data of patients, which
has been increasingly used in rehabilitation training (Manna
and Dubey, 2017).

The human upper limbs have a complex physiological
structure. With the cooperation of multiple bones and mus-
cles, the upper limbs are very flexible, which puts for-
ward many requirements for the structural design of the
rehabilitation robot (Pons, 2008). At present, there are
mainly two types of upper limb rehabilitation robots, i.e.,
an end-effector-based type and an exoskeleton type. The
end-effector-based-type upper limb rehabilitation robots sup-
port and pull the end of the patients through a closed-loop
linkage mechanism or a series mechanism, so as to real-
ize the rehabilitation training of the upper limb. The most
representative of the robots with the closed-loop linkage
mechanisms include MIT-MANUS (Hogan et al., 1992), D-
SEMUL (Kikuchi et al., 2018), CASIA-ARM (Luo et al.,
2019), and SepaRRo (Chang et al., 2018). They could per-
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form plane compound training for the human shoulder and
elbow joints, mainly the adduction/abduction of the shoulder
and the flexion/extension of the elbow. The working mode of
the robots with the series mechanism is to drive the human
upper limbs through the mechanical arms, such as MIME
(Lum et al., 2002) and GENTLE/s (Loureiro et al., 2003).
Compared to the robots with the closed-chain linkage mech-
anisms, this type of robot increases the function of assisting
the human shoulder joints in performing flexion and exten-
sion training, so it can drive the human upper limbs to move
in three-dimensional space.

A characteristic of the end-effector-based-type upper limb
rehabilitation robots is that it does need to be aligned with
the physiological axes of the human joints during training,
but it also means that it cannot implement accurate single-
joint rehabilitation training for patients. Moreover, the struc-
tures of the end-traction robots are relatively simple, most of
which are desktop type, that cause the robot’s range of mo-
tion (ROM) to be limited, especially the insufficient flexion
and extension training of the human shoulder.

The exoskeleton-type upper limb rehabilitation robot has
a kinematic structure similar to that of the human upper
limb, and it generates driving force on each joint of the
patient’s upper limb to drive limb rehabilitation training,
such as CADEN-7 (Perry et al., 2007), Harmony (Kim and
Deshpande, 2017), ARMin III (Nef et al., 2009), Co-EXos
(Zhang et al., 2019), Armeo Power (Jarrase et al., 2015),
and LIMPACTA (Otten et al., 2015). Compared with the
end-effector-based robot, the exoskeleton robot can drive the
patient’s limbs to perform three-dimensional rehabilitation
training, especially the large-ROM flexion/extension training
of the human shoulder. In addition, the driving force of the
exoskeleton directly acts on the patient’s single joint, which
can perform accurate single-joint training on the upper limbs.
However, this feature also causes the exoskeleton to require
more joints and motors, making the exoskeleton bulky and
costly. Since the joint axes of the human upper limb is con-
stantly changing during the rehabilitation exercise, the mis-
alignment of the mechanical axes of the exoskeleton and the
biological axes of the upper limb will lead to the mismatch-
ing of the movement of the exoskeleton with the upper limb,
thus causing discomfort for the patients.

In this paper, a novel 4 DOF end-effector-based upper
limb rehabilitation robot with space training is proposed by
combining the end-effector-based-type and exoskeleton-type
robot. The robot can assist the human upper limb in perform-
ing rehabilitation training of the shoulder flexion/extension
and adduction/abduction and elbow flexion/extension. Dif-
ferent from the desktop-type end-effector-based robot, the
proposed robot can provide a wide range of shoulder flex-
ion/extension training for the human upper limb and cover
the ROM of the upper limb. Through the mutual restriction
of three mutually perpendicular active joints, the robot can
perform single-joint and unidirectional rehabilitation train-
ing on the human upper limb.

The rest of this paper is structured as follows. In Sect. 2,
we introduce the configuration design and mechanical de-
sign of a 4 DOF end-effector-based upper limb rehabilitation
robot. In Sects. 3 and 4, the kinematical performance of the
proposed configuration is analyzed in a global and local area.
In Sect. 5, a 4 DOF end-effector-based robot is developed for
upper limb rehabilitation, and the pursuit movement exper-
iment and the multi-joint exercise test of the prototype are
done to verify the dexterity of the design.

2 Design of the robot

2.1 Configuration design

The design goal of the robot configuration is to assist the hu-
man upper limbs in performing single-joint and multi-joint
rehabilitation training through end traction, including the
shoulder’s flexion/extension and adduction/abduction and
the elbow’s flexion/extension. This paper proposes a 4 DOF
end-effector-based upper limb rehabilitation robot config-
uration, as shown in Fig. 1a. O1,g − x1,gy1,gz1,g , O1,e−

x1,ey1,ez1,e, and O1,h− x1,hy1,hz1,h are the coordinate sys-
tems of shoulder, elbow, and end point, respectively. R2 and
R3 are the active joints that assist the human upper limb in
performing the shoulder flexion/extension and elbow flex-
ion/extension, respectively. R4 is a passive joint used to com-
pensate for the nonparallel error of the robot forearm and the
human forearm during the movement. The active joints R1
and R3 cooperate in helping the human upper limbs perform
shoulder adduction/abduction, as shown in Fig. 1b. In this
training mode, the human upper limb is combined with the
robot into a five-link closed-chain mechanism in which R2
was fixed at 90◦. According to mechanism theory, the DOFs
of the closed chain, F , can be calculated using Hunt’s for-
mula, which is expressed as follows:

F =

n∑
i=1

fi − d · l = 5− 3 · 1= 2, (1)

where fi denotes the DOFs of the ith joint, l is the number
of independent loops, d denotes the DOFs of the motion with
which a mechanism is intended to function (for the spatial
chain, d = 6; for the planer chain, d = 3), and n is the num-
ber of joints. It is calculated that F is 2, so the human upper
limb can perform shoulder adduction/abduction training with
the drive of the two active joints, R1 and R2. Since the robot
drives the human upper limbs to perform rehabilitation exer-
cises by assisting the wrist and hand, it is not necessary for
the rotation axis of the robot to coincide with the physiolog-
ical axes of the human.

2.2 Mechanical design

This paper proposes a 4 DOF end-effector-based upper limb
rehabilitation robot according to the proposed configuration,

Mech. Sci., 12, 639–648, 2021 https://doi.org/10.5194/ms-12-639-2021



Q. Meng et al.: Design and evaluation of a novel upper limb rehabilitation robot 641

Figure 1. The configuration of robot and the human–machine closed-chain mechanism.

Table 1. Actuation of the robot.

Axis Gear Motor type Continuous torque

R1 Planetary gearbox 1 : 10 (Nanotec, Germany)
Belt drive 1 : 1

ST6018K2008-A (Nanotec, Germany) 15 Nm

R2 Planetary gear drive 1 : 156 (maxon, Switzerland)
Gear drive 1 : 1
Rope drive 1 : 1

EC 45 flat, 70 W (maxon, Switzerland ) 15 N m

R3 Planetary gear drive 1 : 66 (maxon, Switzerland)
rope drive 1 : 1

EC 45 flat, 50 W (maxon, Switzerland) 5.5 Nm

Figure 2. The structure of the end-effector-based upper limb reha-
bilitation robot.

as shown in Fig. 2. The drive systems D1, D2, and D3 of R1,
R2, and R3 are shown in Table 1. The belt drive of D1 is used
to reduce mechanical vibration. In order to ensure the stabil-
ity of the structure, D2 is designed with a double rope drive.
The D3 motor is set close to R2 to reduce the inertia of the
robotic arm. The end support is composed of a Hall handle,
wrist rest, and driven joint, R4. The patient can manipulate
the Hall handle to control the robot for performing rehabil-
itation training for the upper limbs. The combination of R4
and the lockable joint on the front of the wrist rest can realize
the interchangeability of left and right hands.

3 Kinematical analysis

The physical human–robot interaction (pHRI) between the
wearers and the exoskeleton robots is twofold, which ne-
cessitates the suitability of the exoskeleton structure for
the wearers. Different aspects such as weight, actuation,
power transmission, dexterity, singularity, workspace, kine-
matic chain, DOFs, and compliance are an important design
reference under pHRI (Pons, 2008). Therefore, the robot con-
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Table 2. The coordinates of the spiral axes of the configuration.

i ωi νi

1 (0, 0, 1) (−l1, −l4, 0)
2 (1, 0, 0) (0, 0, 0)
3 (0, 1, 0) (l2, 0, l4)
4 (0, 1, 0) (l2+ l3, 0, l4)

figuration design based on multiple parameters is beneficial
for improving the pHRI. To verify the kinematical perfor-
mance of the configuration designed, the kinematical model
of the designed configuration and the human upper limb are
first established.

3.1 Kinematic modeling of the configuration

In order to facilitate the subsequent kinematic performance
analysis, the kinematic model of this configuration is estab-
lished using the spinor method (Lynch and Park, 2017), as
shown in Table 2 and Eqs. (2)–(4). The human shoulder joint
coordinate system is used as the configuration’s initial coor-
dinate, and the human end coordinate system is the configu-
ration end coordinate system since the end coordinate system
of the human upper limb and the robot end coordinate system
always coincide.

M1 =


1 0 0 0
0 1 0 0
0 0 1 −l2− l3
0 0 0 1

 (2)

e[Si ]θi =

[
e[ωi ]θi (Iθi + (1− cosθi )[ωi ] + (θi − sinθi )[ωi ]2)νi

0 1

]
(3)

Tr = e
[S1]θ1e[S2]θ2e[S3]θ3e[S4]θ4 ·M1 =

[
Rr Pr
0 1

]
, (4)

where Si is the spiral axis of the joint Ri , ωi and νi are the
angular velocity and linear velocity of Si , respectively, (ωi ,
νi) is the coordinate of Si , M1 is the pose matrix of the robot
end coordinate system O5-x5y5z5 when it is in the initial po-
sition, e[Si ]θi is the Rodriguez formula representing the ma-
trix index of the spiral axis, Tr is the pose transformation
matrix O4-x4y4z4 of the system relative to the fixed system
Og-xgygzg , Rr is the 3× 3 direction matrix of the coordinate
system O5-x5y5z5, and Pr is the 3× 1 position matrix of the
coordinate systemO5-x5y5z5.

3.2 Kinematic modeling of the upper limb

To facilitate the study of upper limb kinematics, the Interna-
tional Society of Biomechanics (ISB) recommendations re-
duce the 3 DOFs of the shoulder joint to three sequential
rotations around perpendicular axes, i.e., rotation of zg axis
(plane of elevation), xg axis (angle of elevation), and zg axis

Table 3. The coordinates of the spiral axes of the upper limb.

i ωi νi

1 (0, 0, 1) (0, 0, 0)
2 (1, 0, 0) (0, 0, 0)
3 (0, 1, 0) (l2, 0, 0)

Table 4. The ROM of the upper limb joints in the ISB system.

Movements ROM (◦)

Plane of elevation 0–115
Angle of elevation 0–180
Internal/external rotation −90–90
Elbow flexion/extension 0–120

(internal/external rotation; Wu et al., 2005). The elbow is rel-
atively simple and can be modeled directly. Therefore, the
kinematical model of the human upper limb is established
by the spin method. The solution process of the pose trans-
formation matrix Tb of the system Oh-x5y5z5 relative to the
fixed system Og-xgygzg is as follows:

M2 =


1 0 0 0
0 1 0 0
0 0 1 −l2− l3
0 0 0 1

 (5)

e[Si ]θi =

[
e[ωi ]θi (Iθi + (1− cosθi )[ωi ] + (θi − sinθi )[ωi ]2)νi

0 1

]
(6)

Tb = e
[S1]θ1e[S2]θ2eS3]θ3 ·M2 =

[
Rb Pb
0 1

]
. (7)

The ROM required for ADL by 95 % of the population
is derived for the maximum values of the related work in
(Namdari et al., 2012; Magermans et al., 2005; Gates et al.,
2016) and translated to the ISB system, as shown in Table 4.

4 Analysis and comparison of kinematical
performance

4.1 Workspace

The workspace is the region described by the origin of the
end-effector frame when all the manipulator joints perform
all possible motions. Since the workspace of the rehabilita-
tion robot should cover the workspace of the human upper
limb as much as possible, the workspace of the human and
the robot needs to be established and compared. First, to en-
sure the safety of the exoskeleton, the joints of the robot are
restricted according to the ROM of the upper limb joints in
the ISB system, as shown in Table 5. Second, the joint an-
gle sets of the upper limb and the proposed configuration are
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Table 5. The angle of the exoskeleton joints.

ROM θ1 (◦) θ2 (◦) θ3 (◦)

The upper limb −25 to 90 0 to 180 0 to 120
The configuration −30 to 90 0 to 180 0 to 120

established, respectively, by using the Monte Carlo method
(Rubinstein and Kroese, 2017). Finally, the workspace of the
upper limb and the proposed configuration are obtained by
substituting the angle sets into kinematic equations, as shown
in Table 6. Because human hands hardly reach the back of the
body in rehabilitation, the points where x < 0 are deleted.
The red and blue regions display the workspace of the upper
limb and the configuration, respectively.

In order to quantify the differences between the two
workspaces, the workspace of the human upper limb is fil-
tered by the boundary of the workspace of the configura-
tion. The result is that the human workspace is composed of
392 870 points, of which the points in the workspace of the
configuration are 379 535, accounting for 96.61 %, and the
points that are not included are distributed in the marginal
zone that is not often reached, so this configuration meets the
design requirements in the workspace.

4.2 Global kinematical performance analysis

While the workspace of a robot arm is a total volume swiped
out by the end effector when it executes all possible motions,
the manipulability is the ability to arbitrarily the change
the end-effector position and orientation (Kim and Khosla,
1991). The manipulability, which can be described by the ve-
locity manipulability ellipsoid, is considered as a quantitative
and performance measure of the type of rehabilitation robots.
Because the postures of the end point of the human upper
limb and the end point of the robot are always the same,
the human–machine closed-chain mechanism (HMCCM) is
established. The manipulability analysis of the HMCCM is
performed.

4.2.1 Jacobian matrix of the HMCCM

Based on the posture matrix of the point where the end of the
human upper limb and the end of the robot coincide, the kine-
matic constraint equations of the HMCCM can be expressed
as follows:

Pr(1,1)= Pb(1,1)

Pr(2,1)= Pb(2,1)
Pr(3,1)= Pb(3,1)
Rr(1 : 3,1)T

·Rp(1 : 3,2)= 0
Rr(1 : 3,1)T

·Rp(1 : 3,3)= 0
Rr(1 : 3,2)T

·Rp(1 : 3,3)= 0

, (8)

where Pr(i,1) is the ith row and first column of the Pr matrix,
and Rr(1 : 3,1) is the matrix that is composed of the first to
third rows of the first column of the Rr matrix.

By differentiating θa, θf, θe, θ1, θ2, and θ3 in Eq. (8) to
time t and simplifying the result, the Jacobian matrix of the
HMCCM can be obtained, as shown in Eq. (9). Since R4 is
a driven joint used to compensate for errors and is located at
the end of the robotic arm, it has no effect on the flexibility
of the robotic arm, so it is regarded as a known quantity.θ̇a
θ̇f
θ̇e

= J ·

θ̇1
θ̇2
θ̇3

 , (9)

where θ̇a, θ̇f, and θ̇a are the angular accelerations of the
shoulder adduction/abduction and flexion/extension and el-
bow flexion/extension, respectively, θ̇1, θ̇2, and θ̇3 are the an-
gular accelerations of R1, R2, and R3, respectively. J is a
matrix consisting of polynomials about θa, θf, θe, θ1, θ2, θ3,
θ4, lb, lf, li (i = 1,2,3,4).

4.2.2 Manipulability

The manipulability measure (Cardou et al., 2010) is defined
as follows:

η =

√
det[JJT

] =

√
λ1λ2. . .λm = σ1σ2. . .σm. (10)

The σi is the singular value of Jacobian matrix, the λi is the
eigenvalue of the JJT, and m is the dimension of operation
space, i = 1,2, . . .,m.

To normalize the manipulability, relative manipulability is
specifically defined as follows:

µi =
ηi

ηmax
(i = 1,2, . . .,n), (11)

where ηi is the manipulability of the coordinate point, ηmax
is the maximum value of the configuration, the value range
of µi is 0–1, and n is the number of the end points of the
upper limb. In general, a higher µi shows better dexterous
manipulation, while a lower value corresponds to limited ma-
nipulation.

The value of µ is divided into five classes for the con-
venience of comparison. Since the points in the area where
the robot workspace does not overlap with the upper limb
workspace have no significance for analysis, the points of the
upper limb workspace after filtrated by the workspace of the
robot are used in Eqs. (10) and (11). The statistical results
are shown in Table 7. During the movement, the angle of
the robot joints is different from the angle of the upper limb
joints. Therefore, based on the posture of the end point of the
upper limb, the inverse kinematics solution of the robot at
this position is solved by using the Newton–Raphson method
to obtain the angle of each joint of the robot.

According to the actual situation, the region with relative
manipulability above 0.6 is the region with better flexibility.
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Table 6. The workspace of the upper limb and the two configurations.

y–z plane x–z plane x–y plane

The upper limb and
the configuration

Table 7. Relative manipulability value of the HMCCM.

Degree The number of points Percentage

0.0–1.0 379535 100 %
0.0–0.2 10233 2.70 %
0.2–0.4 30149 7.94 %
0.4–0.6 82 558 21.75 %
0.6–0.8 150 806 39.73 %
0.8–1.0 105 789 27.87 %

Figure 3. The figure of relative manipulability combined with the
workspace.

So, the percentage of the relative manipulability above 0.6
of the HMCCM is 67.6 %, and the percentage of the relative
manipulability below 0.4 is 10.64 %, which proves that the
configuration has excellent kinematical performance in the
overall workspace.

During upper limb rehabilitation training, the probabil-
ity of the end of the exoskeleton reaching the edge of the
workspace is less than the inside of the workspace. There-
fore, the figures of relative manipulability combined with the
workspace are plotted separately to compare the level of flex-
ibility in the whole domain, as shown in Fig. 3. The closer the

color is to red, the closer the value of µi is to 1, and the better
the flexibility of this point.

It can be clearly seen from Fig. 3 that the low relative ma-
nipulability points of the configuration are concentrated in
two narrow edges of the workspace. It has little effect on the
overall flexibility of the configuration.

4.3 Local kinematical performance analysis

Drinking water training is often seen in rehabilitation exer-
cises, where multiple joints can be trained simultaneously.
In this paper, a trajectory of drinking water according to
the kinematical model of human upper limbs is established
and divided into 10 sample points. The inverse kinematical
solutions of the configuration are obtained by the Newton–
Raphson method (Ahmad et al., 2019), and the kinematical
performance of the HMCCM on the trajectory is analyzed.

4.3.1 The joint angle

In the drinking water training, the initial posture of the up-
per limb is θa= 0◦, θf= 30◦, and θe= 0◦, and the end pos-
ture of the upper limb is θa=−10◦, θf= 80◦, and θe= 120◦.
A joint trajectory is generated using MATLAB and divided
into 10 sample points. The Cartesian coordinates of the sam-
ple points are obtained to solve the robot joint angles at these
positions. The inverse kinematical solutions of the configura-
tion are obtained by the Newton–Raphson method to obtain
the angles of the active joints of the configuration at these
sample points.

4.3.2 Manipulability ellipsoid

Since the manipulability index is proportional to the vol-
ume of the manipulability ellipsoid, it can be used to visual-
ize the degree of manipulation in the operational space, that
is V ∝

√
det[JJT

] =
√
λ1λ2. . .λm (Rozo et al., 2017; Gu-

nasekara et al., 2015). Therefore, the manipulability ellip-
soids are constructed based on the Jacobian matrix and its
singular values. In addition to the geometric characteristics
of the manipulability ellipsoid, we define the following two
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Figure 4. The manipulability ellipsoids of the HMCCM.

parameters to measure the difficulty of the exoskeleton mov-
ing in a certain pose:

1. The ratio of the radius of the shortest axis to the longest
axis of the manipulability ellipsoid can describe the
kinematical performance of the exoskeleton in all direc-
tions. When the ratio is closer to 1, the manipulability
ellipsoid is close to spherical, which means that the ex-
oskeleton is equally easy to move in any direction. Thus,
we have the following:

K =

√
λmin(JJT)√
λmax(JJT)

≤ 1. (12)

2. The volume of the manipulability ellipsoid can directly
describe the kinematical performance of the exoskele-
ton in a certain pose. The larger the volume, the better
the sports performance. Thus, we have the following:

V =

√
det(JJT)=

√
λ1λ2. . .λm. (13)

The ellipsoids corresponding to the HMCCM in each step
of the trajectory are obtained by MATLAB, as shown in
Fig. 4. The red curve is the trajectory of the end of the human
upper limb. The manipulability ellipsoids of the HMCCM are
drawn on the corresponding sample joints. The size of the
ellipsoids is reduced by 25 times for the convenience of ex-
pression. The results show that the manipulability ellipsoids
of the robot are close to the spherical shape in the first 70 %
of the trajectory, and the isotropy of the subsequent trajec-
tory is significantly reduced, but the K value is still greater
than 0.5, while the volume of the ellipsoids are gradually in-
creasing. Therefore, it is proved that the robot is far away
from the singularity on the drinking trajectory and has good
kinematical performance.

Figure 5. The structure of the end-effector-based upper limb reha-
bilitation robot.

5 Mechanical system design and experiment

5.1 Mechanical design

The prototype of the end-effector-based upper limb rehabil-
itation robot is designed in detail according to the verified
configuration. The robot prototype is composed of a base
seat, a drive system, and a robotic arm, as shown in Fig. 5.
The drive system and the robotic arm are installed on an ac-
tuated lifting column of the base seat to adjust for different
heights. The drive system includes three drive motors and the
rope drive to provide power for the robotic arm. The rope ten-
sioning device is designed to prevent the deformation of the
wire rope from affecting the transformation efficiency. The
robotic arm includes three active joints, a driven joint, and
an end support module. R4 and the spring pin cooperate to
realize the reversal of left and right hands.

5.2 Smooth pursuit movement test

This paper performs a series of smooth pursuit movement ex-
periments with a healthy male subject, who is 26 years old,
to evaluate the ability of the proposed mechanism. Smooth
pursuit movement is the movement of the tester’s arm driven
by the robot (Meng et al., 2019). These test motions include
the shoulder flexion/extension and adduction/abduction and
the elbow flexion/extension. The motion analysis system is
utilized to test the motion angles of the human arm in real
time. A total of three pose sensors are set at R1, R2, and R3
to test the motion angles of the proposed mobile robotic arm,
and the angles are smoothed using MATLAB’s smoothing
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Figure 6. The upper limb trajectories and the robot trajectories in
the smooth pursuit movement tests.

function to reduce the angle error caused by mechanical vi-
bration. The two groups of angles of motion for each group
experiment are obtained, and these are substituted into the
kinematical models of the upper limb and the robot to obtain
their motion trajectories, as shown in Fig. 6. The green, red,
and blue solid lines represent the trajectories of the end of the
human upper limb in the shoulder flexion/extension and ad-
duction/abduction and the elbow flexion/extension, and the
green, red, and blue dotted lines represent the end trajectory
of the robot in the corresponding motions.

The root mean square error (RMSE) and Pearson correla-
tion coefficient (PCC) are used to analyze the motion error
between the human arm and the robot, as shown in Eqs. (9)
and (10).

δ =

√√√√ 1
N

N∑
t=1

((γx −βx)2
+ (γy −βy)2

+ (γz−βz)2), (14)

where δ is the RMSE, γx , γy , and γz are the coordinate values
of the end trajectory points of the robot, βx , βy , and βz are the
coordinate values of the end trajectory points of the human
upper limb, and N is data bulk.

P =
Cov(γ,β)

√
Var[γ ]Var[β]

, (15)

where P is the RMSE, γ is the coordinate matrix of the
trajectory points of the robot, β is the coordinate matrix of
the trajectory points of the human upper limb, Cov(γ,β) is
the covariance of γ and β, Var[γ ] is the variance of γ , and
Var[β] is the variance of β. The errors are obtained by sub-
stituting the data of three smooth pursuit movement exper-
iments into Eqs. (9) and (10). The results are as follows:
the shoulder flexion/extension – δ = 0.019, P = 0.9997; the
shoulder adduction/abduction – δ = 0.016, P = 0.9998; and

Figure 7. The upper limb trajectory and the robot trajectory in the
multi-joint exercise test.

the elbow flexion/extension– δ = 0.016, P = 0.9998. The re-
sults show that the motion trajectory of the robot basically
coincides with the motion trajectory of the human upper
limb. Due to inevitable factors such as the calibration error
of the motion analysis system, a certain error between the
trajectories is acceptable. Based on the above results, it can
be concluded that the upper limb rehabilitation robot can as-
sist the human upper limb for single-joint training.

5.3 The multi-joint exercise test

The drinking posture training experiment is designed to ver-
ify the multi-DOF motion control ability of the robot. The
human upper limb is trained to drink with the assistance of
the rehabilitation robot, and the joint angle changes of the up-
per limb joints and the active joints of the robot are recorded,
respectively. The motion trajectories of the upper limb and
the robot are obtained by substituting the obtained joint an-
gles into the corresponding kinematic models, as shown in
Fig. 7. The RMSE of the two trajectories is 0.0067, and the
PCC is 0.9989, which indicates the coincidence of the two
trajectories. The results show that the upper limb rehabilita-
tion can assist the upper limbs in performing rehabilitation
training with multiple DOFs well.

6 Conclusions

This paper proposes a novel 4 DOF end-effector-based up-
per limb rehabilitation robot with space training. Based on
the kinematical models of the mechanism, the human upper
limb, and the HMCCM, several kinematical performance pa-
rameters of the proposed mechanism are analyzed. The re-
sults show that the overlap of the workspace between the
mechanism and the human upper limb is 96.61 %, the highly
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flexible area of the mechanism accounts for 67.6 %, and the
mechanism is far away from the singularity on the drink-
ing trajectory. These results indicate that the proposed mech-
anism has excellent movement to satisfy the requirements
of human upper limb rehabilitation. Finally, a prototype of
the proposed mechanism is designed, and the smooth pur-
suit movement test and the multi-joint exercise test are per-
formed to verify the effectiveness of the robot and its ability
to perform active training. The results prove that the robot
can satisfy the flexibility and safety requirement of the pa-
tients during upper limb rehabilitation training.
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