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Abstract 

Power-assisted upper-limb exoskeletons are primarily used to improve the handling efficiency and load capacity. 
However, kinematic mismatch between the kinematics and biological joints is a major problem in most existing 
exoskeletons, because it reduces the boosting effect and causes pain and long-term joint damage in humans. In this 
study, a shoulder augmentation exoskeleton was designed based on a parallel mechanism that solves the shoulder 
dislocation problem using the upper arm as a passive limb. Consequently, the human–machine synergy and wear-
ability of the exoskeleton system were improved without increasing the volume and weight of the system. A paral-
lel mechanism was used as the structural body of the shoulder joint exoskeleton, and its workspace, dexterity, and 
stiffness were analyzed. Additionally, an ergonomic model was developed using the principle of virtual work, and a 
case analysis was performed considering the lifting of heavy objects. The results show that the upper arm reduces the 
driving force requirement in coordinated motion, enhances the load capacity of the system, and achieves excellent 
assistance.

Keywords Upper limb exoskeleton, Parallel mechanism, Human–machine compatibility, Dynamics

1 Introduction
Exoskeleton robots are a special class of human–robot 
collaborative robots worn during an operation to real-
ize the seamless combination of the powerful driving 
ability of the robot and the developed intelligence of the 
human body [1]. Therefore, the study of power-assisted 
upper-limb exoskeleton devices is essential in exoskel-
eton robotics, which is mainly aimed at normal peo-
ple with healthy bodies. Using a reasonable mechanical 
structure design, the upper limbs of the operator can be 
used to carry, push, pull, lift, and perform other actions 

to improve the handling efficiency and load capacity. 
Simultaneously, this reduces the persistent problems of 
invisible occupational diseases in the labor force.

Currently, several scholars have designed various types 
of upper-limb exoskeleton robots. One type is an exo-
skeleton device with a rigid structure that is isomorphic 
to the upper limbs of the human body [2–5]. As this 
type of design is based on mapping the degrees of free-
dom of the human biological joints onto an exoskeleton 
device and then projecting the joint moments onto the 
corresponding degrees of freedom of the human joints 
via external actuation, it relies heavily on the synergy of 
human–machine movements. Furthermore, this type of 
exoskeleton suffers from low accuracy of the end-effector 
control inherent in a tandem structure [6]. Practically, it 
is difficult to accurately replicate all joint degrees of free-
dom and ensure that they align with the human degrees 
of freedom [7]. Here, the shoulder complex was consid-
ered as one of the most representative examples. In addi-
tion to the three rotational degrees of freedom of the 
glenohumeral joint, the sternoclavicular joint provides 

*Correspondence:
Sheng Guo
shguo@bjtu.edu.cn
1 School of Mechanical, Electronic and Control Engineering, Beijing 
Jiaotong University, Beijing 100044, China
2 Key Laboratory of Vehicle Advanced Manufacturing, Measuring 
and Control Technology, Ministry of Education, Beijing Jiaotong 
University, Beijing 100044, China
3 Hangzhou Innovation Institute, Beihang University, Hangzhou 100044, 
China

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s10033-023-00883-9&domain=pdf


Page 2 of 18Niu et al. Chinese Journal of Mechanical Engineering           (2023) 36:65 

the shoulder joint with two additional translational 
degrees of freedom. Moreover, these additional degrees 
of freedom are not entirely independent; they evolve with 
the arm’s abduction/adduction and flexion/extension 
motions. Consequently, when the degrees of freedom of 
the robot and the joints of the human body are not accu-
rately aligned, the robot generates parasitic forces at the 
attachment points and reacts to the joints themselves, 
leading to a range of human–computer interaction prob-
lems during practical use. This reduces the boosting 
effect and causes pain and prolonged joint damage [8, 9].

In most existing exoskeletons, mechanical and bio-
logical joint misalignments result in excessive human–
computer interactions, causing injury to the wearer. 
To solve the problem of joint mismatch, the wearable 
comfort needs to be improved. Some scholars have pro-
posed manual alignment to solve joint dislocation [10, 
11]; however, manual alignment is typically inaccurate 
and the effectiveness of this strategy is quite limited 
because all the different factors causing dislocation can-
not be explained, and their performance with respect 
to the other factors is highly dependent on the preci-
sion of wearing. The use of compatible elements is also 
an effective method of solving the joint dislocation 
problem. For example, the joint axis can be replaced by 
a compliant mechanism that derives its disorientation 
from elastic deformation. The disadvantage of using 
these elements is that owing to their nature, the motion 
of the joint is always accompanied by torque around the 
axis of the joint. If a zero-torque operation is required, 
an additional actuator must be introduced to counteract 
the passive torque generated by joint flexion [12]. Some 
scholars have also attempted to realize the adaptive com-
pensation of the exoskeleton and corresponding joints 
in the human body during auxiliary motion by increas-
ing the redundant degrees of freedom or equipping aux-
iliary mechanisms, which is also a mainstream method 
of solving joint mismatch problem [13]. For example, 
Ergin et  al. [14] proposed adjusting the joint center of 
the upper-limb exoskeleton robot by increasing the cor-
responding active degrees of freedom to achieve decent 
human–computer interaction. Yan et  al. [15] proposed 
a 3-degree-of-freedom (DOF) shoulder exoskeleton 
that can adjust the joint center by increasing the passive 
degree of freedom, which significantly facilitates anthro-
pomorphic design. Dehez et al. [16] proposed a different 
type of robot specially used for shoulder training, whose 
adaptive structure and action principle enabled the robot 
to maximize the ergonomic effects during installation 
and training. However, the above design complicated the 
overall structure of the exoskeleton, which significantly 
increased the structure’s volume and weight. This caused 
it fall short of the design requirements of a portable and 

wearable exoskeletons, and limited the auxiliary effect of 
the exoskeleton robot. To solve the problem of incompat-
ibility between the upper-limb exoskeleton and human 
movement and to reduce the system mass as much as 
possible, the fully-flexible exoskeleton was proposed and 
has become a research hotspot. Compared with a rigid 
upper-limb exoskeleton, a flexible exoskeleton eliminates 
the rigid structure, physically eliminates the problem of 
joint dislocation, and provides a higher wearing com-
fort [17–20]. However, some common disadvantages 
of fully-flexible exoskeletons are that useful boosting 
effects cannot be achieved without a rigid substrate and 
flexible exoskeletons require expensive manufacturing 
materials. Parallel mechanisms can achieve better iner-
tial characteristics while maintaining lightweight and 
compactness. An adaptive mechanism with only passive 
joints was introduced to compensate for exoskeleton-
limb dislocation and the size changes between the differ-
ent subjects, which is an effective method of solving the 
joint mismatch problem [21]. Recently, researchers have 
adopted different structures to solve human joint disloca-
tion problems such as that in a parallel hip exoskeleton 
based on the 3-UPS/S configuration proposed by Zhang 
et al. [22]. YU et al. [23] proposed the same structure and 
conducted a series of kinematic analyses. Klein et al. pro-
posed an upper-limb exoskeleton with a parallel mecha-
nism to drive the motion of the shoulder joint and realize 
its rotation through the space-staggered motion of two 
rods [24]. The parallel shoulder exoskeleton developed by 
Hunter et al. assists the shoulder joint by binding to the 
human arm to actuate arm movement, thereby accom-
modating the shift in the center of rotation of the human 
shoulder joint during actual movement [25]. However, 
owing to the large number of limbs and actuators in the 
aforementioned parallel mechanism, wearability has 
become the biggest problem in the practical application 
of parallel exoskeletons. Therefore, a feasible approach 
for improving human–machine compatibility is to design 
a parallel exoskeleton with adaptive biological joint rota-
tion center characteristics and fewer limb distributions. 
Therefore, a human upper arm with a self-adaptive rota-
tion center is proposed in this study as the passive limb 
based on the parallel mechanism, and two fewer driving 
limbs are used to form the parallel shoulder exoskeleton 
to solve the shoulder mismatch problem at the human–
machine compatibility level.

In this study, we designed a wearable upper-limb exo-
skeleton robot based on the 2-UPR-SR parallel mecha-
nism. The upper arm, shoulder joint, and elbow joint of 
the human body were used as the passive limb SR of the 
parallel mechanism, and the two UPR limbs were used as 
the driving limbs to realize motion assistance with two 
degrees of freedom of flexion/extension and adduction/
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abduction of the human upper limb, where P denotes the 
drive pair, R (revolute), P (prismatic), U (universal), C 
(cylinder), and S (spherical). The human–machine com-
patible parallel exoskeleton designed in this study not 
only helps to solve the problem of shoulder dislocation 
and improves the wearing comfort, but also increases 
the stiffness and stability of the exoskeleton system using 
the characteristics of the parallel mechanism, giving it a 
higher load-bearing capacity and excellent power-assist 
potential. Additionally, the use of fewer drive motors can 
reduce control defects [26], thereby promoting the prac-
tical application of exoskeletons.

The remainder of this study is organized as follows: 
Section  2 presents the motion mechanism of the upper 
limbs of the human body, the design of the 2-UPR-SR 
parallel upper-limb exoskeleton mechanism based on 
the motion requirements, and complete the verification 
of the freedom. Section 3 presents the kinematic perfor-
mance of the 2-UPR-SR parallel upper-limb exoskeleton 
including the inverse kinematics, workspace, dexterity, 

and stiffness. Human–machine dynamics modeling is 
described in Section  4, with theoretical validation and 
case studies presented in Section  5. Finally, conclusions 
are drawn in Section 6.

2  Conceptual Design and Mobile Verification
2.1  Upper Limb Movement Mechanism
Shoulder-joint movements are usually divided into shoul-
der joint adduction/abduction, shoulder joint flexion/
extension, and shoulder joint internal/external rotation, 
as shown in Figure  1. However, because the kinematic 
manifestations of the external and internal rotations of 
the shoulder were not active, they were not considered in 
this study.

The focus of this study is to achieve good human–
machine compatibility and solve the shoulder joint mis-
match problem while also considering the simplicity and 
practicality of the exoskeleton mechanism. Based on this, 
a parallel 2-UPR-SR mechanism with a passive limb that 
can satisfy two degrees of freedom for human flexion/

Figure 1 Motion characteristics of the human upper arm
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extension and internal retraction/abduction movements 
was designed. The neglected internal/external rotation 
degrees of freedom were used less than the other two 
degrees of freedom, which is similar to the simplifica-
tions made in literature [27, 28]. It is worth noting that 
the movement of the shoulder joint involves both the 
movement of the shoulder joint itself and the move-
ment of the shoulder girdle (clavicle and scapula), which 
is called the scapulohumeral rhythm [29]. For example, 
for every 15° of upper arm elevation, the glenohumeral 
joint was rotated by 10° and the scapula by 5°. The range 
of motion was approximately 2:1 (possibly 1.25:1 or 

1.35:1). Consequently, during shoulder joint motion in 
the vertical plane, the instantaneous center of joint rota-
tion increases with the arm elevation, which causes joint 
dislocations and makes the design of upper-limb exoskel-
etons more difficult.

2.2  Configuration Design
Whether the exoskeleton robot is serial or parallel, it 
comprises the most basic elements such as rods and kin-
ematics. The joints can be divided into R (revolute), P 
(prismatic), U (universal), C (cylindrical), and S (spheri-
cal) joints. To design an upper-limb shoulder exoskeleton 
that meets these requirements, the following five design 
criteria must be satisfied:

(1) The shoulder joint of the upper arm of the human 
body should be regarded as a ball pair and the 
elbow joint as a rotating pair that is part of the limb 
of the upper limb of the human body.

(2) To ensure the stability of the upper-limb exoskel-
eton, the proposed mechanism configuration must 
be symmetrical according to the anatomical charac-
teristics of the upper limbs. The two drive limbs in 
this mechanism should have the same configuration 
and be symmetrical about the upper limb.

(3) The mechanism should have a large-angle rotation 
function to realize the flexion and extension of the 
shoulder joint and adduction/abduction move-
ments. Each limb should have at least one rotating 
pair connected to a fixed platform, and the axis of 
the rotating pair should be parallel to the horizon-
tal axis of the human body. To achieve the flexion-
extension kinematic characteristics of the elbow 

Figure 2 Upper limb exoskeleton design process

Figure 3 Upper-limb exoskeleton: a Wearing effect and b 2-UPR-SR 
parallel mechanism
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joint, each strut limb should have at least one rota-
tional sub-connection to the mobile platform, the 
axis of which is parallel to the sagittal axis of the 
body.

(4) To ensure the stability of the mechanism and offset 
the displacement caused by the change in the shoul-
der joint center, each drive limb should have at least 
one moving pair and should not be installed on the 
fixed and moving platforms.

(5) Each limb (except the upper arm) of the paral-
lel mechanism should be uniformly arranged into 
three joints to obtain excellent stability and better 
motion characteristics.

Generally, there are two methods for proposing a mod-
ern parallel mechanism. The first is a direct-type com-
position using the screw theory, Lie group theory, GF 
group theory, or any other method. The second approach 
involves adding passive limbs to an existing parallel 
mechanism to constrain the undesired degrees of free-
dom [30–32]. However, the passive limbs add weight and 
complexity to the mechanism. Therefore, passive limbs 
with simple structures should be selected as frequently as 
possible, provided that the requirements for use are met. 
According to research on the mechanism of the human 
anatomy, the shoulder joint of the upper limb of the 
human body is equivalent to the S joint, and the elbow 
joint is equivalent to the R joint [33]. A comprehensive 
passive limb was not chosen in this study. However, 
the human shoulder and elbow joints were integrated 
into the 2-UPR parallel mechanism as passive SR limbs 
according to the design criteria to realize 2 degrees of 
freedom of flexion and extension, and the adduction and 
abduction collaborative movement of the human upper 
limb. After being worn on the human body, the shoulder 
platform became fixed platform, and the connecting ring 
at the forearm became a mobile platform. In this paral-
lel mechanism, the drive limb from the base to the plat-
form consists of a universal joint, a prismatic joint, and 
a rotary joint connected to the moving platform, and the 
driving pair P consists of a sleeve and a piston rod in the 
middle, as shown in Figure 2. It is important to note that 
the platform described here is not fixed in the conven-
tional sense. Because the upper arm is connected to the 
fixed platform as the passive limb of the parallel mecha-
nism, the fixed platform rises with the lifting of the arm 
limb, and adaptive compensation for the motion in verti-
cal plane of shoulder joint is required.

2.3  Degree of Freedom Verification
A fixed bracket equivalent to the fixed platform of the par-
allel mechanism is designed on the shoulder. The position 

where the upper arm muscles exert force is equivalent to 
the moving platform of the parallel mechanism, which 
drives the upper arm to move relative to the fixed platform. 
Among them, the fixed platform �A1A2A3 and the moving 
platform �B1B2B3 are both equilateral triangles with side 
lengths 2a and 2b, respectively. O-xyz is the fiducial coordi-
nate of the parallel mechanism and the origin O0 is located 
at the center of the side length A1A2. The P-uvw is a moving 
frame with the origin P0 at the midpoint of the side length 
B1B2. In this study, a right-handed coordinate system was 
used to construct a schematic of the 2-UPR-SR parallelism 
mechanism, as shown in Figure 3.

The kinematic properties of the 2-UPR-SR parallel mech-
anism were verified using the screw theory. The three limbs 
of the helix of motion of the 2-UPR-SR parallel mechanism 
are as follows:

Using the reciprocal product principle, the mecha-
nism for constraining the screw is

Additionally, the movement screw of the mechanism 
is

The motion screw $ is composed of two motion sub-
helixes $1 and $2. The validation results show that the 
2-UPR-SR parallel mechanism has two pure rotational 
degrees of freedom around the x and y axes and can 
follow the upper arm of the human body for complete 
flexion/extension and adduction/abduction motion.

(1)























$11 = $21 = [ 1 0 0; 0 0 0 ]T,
$12 = $22 = [ 0 1 0; 0 0 1 ]T,
$13 = $23 = [ 0 0 0; l1 0 n1 ]T,
$14 = $24 = [ 0 1 0; l2 0 n2 ]T,

(2)























$31 = [ 1 0 0; 0 0 −1 ]T,
$32 = [ 0 1 0; 0 0 0 ]T,
$33 = [ 0 0 1; −1 0 0 ]T,
$34 = [ 1 0 0; 0 m1 n3 ]T.

(3)
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1 = [ 0 1 0 0 0 0 ]T,
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r
2 = [ 0 0 0 0 0 1 ]T,

$
r
3 = [ 0 −(1+ n3/m1) 1; 1 0 0 ]T,

$
r
4 = [ 1 0 0; 0 0 1 ]T.

(4)

{

$1 = [ 0 1 0; 0 0 0 ]T,
$2 = [ 1 0 0; 0 0 −1 ]T.
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3  Kinematic Performance Verification 
of the 2‑UPR‑SR Parallel Mechanism

3.1  Kinematic Analysis
The inverse kinematics solution is based on the screw 
pose of the moving platform, and the drive joint vari-
able values of each active limb are typically reversed [34]. 
Assuming that the initial position of the moving platform 
is identical to that of the fixed platform when the moving 
platform completes any rotation in space, the final pose 
can be represented using the rotation matrix RA

B about 
the Euler angles. Assuming that the final posture of the 
moving platform is obtained by rotating α around the 
x-axis and β around the y-axis, the transformation matrix 
obtained using the Euler angle expression is

The position vector expression for each vertex on the 
fixed platform in the fixed platform coordinate system 
was obtained as follows:

Moreover, the position vector expression of each vertex 
on the moving platform in the moving platform coordi-
nate system is

The superscript in Eq. (7) indicates that it is expressed 
in a coordinate system. Supposing that the original p of 
the moving coordinate system is the position vector po of 
the fixed coordinate system, the position vector expres-
sion for each vertex Bi on the moving platform in the 
coordinate system of the fixed platform is

Further, based on the vector relationship,

where si is the unit vector pointing from Ai to Bi, li is the 
length of the i-th limb, and i=1, 2, and 3. To obtain the 
length of each limb, the si term is eliminated and both 
sides of the above equation are squared.

(5)R
A
B =





acosβ sin β sin α sin β cosα
0 cosα − sin α

− sin β cosβ sin α cosβ cosα



.

(6)







ao1
ao2
ao3

=
=
=

[a 0 0]T,
[−a 0 0]T,
[0

√
3a 0]T.

(7)











b
p
1 = [ b 0 0 ]T,

b
p
2 = [ −b 0 0 ]T,

b
p
3 = [ 0

√
3b 0 ]T.

(8)boi = RA
Bb

p
i + po .

(9)lisi = bo
i
−ao

i
,

(10)
l1 =

√

(

xp + b cosβ − a
)2 + y2p +

(

zp − b sin β
)2
,

The position vector of each vertex Bi on the moving 
platform in the fixed platform coordinate system can also 
be expressed as

Simultaneously, Eqs. (9) and (12) were used to obtain 
the position vector of the center p of the moving 
platform.

3.2  Fully Jacobian Matrix
The Jacobian matrix reflects the speed mapping rela-
tionship between the drive input of the linkage mecha-
nism and output of the moving platform, and is one of 
the critical indicators for the performance evaluation of 
the parallel mechanism [35]. In this study, the relation-
ship between the motions and constraints of the 2-UPR-
SR parallel mechanism limbs were used to construct a 
Jacobian matrix of the motions and constraints of each 
limb using the screw theory, which was then employed 
in establishing the full Jacobian matrix of the mechanism.

Here, the instantaneous motion screw of the par-
allel mechanism moving platform is expressed as 
$p = [wp vp ]T , where W p is the angular velocity vector 
of the moving platform, and V p is the linear velocity vec-
tor when any point of the moving platform is instanta-
neously coincident with the origin of the base coordinate 
system. For the instantaneous motion characteristics of 
the moving platform, the joint restraint of the moving 
platform from the ends of each limb was solved using a 
linear combination based on the motion of each limb and 
constraint screw.
$j,i was used to represent the unit screw of the j-th (j = 

1,2,3,4) kinematic pair in the i-th (i = 1,2) UPR limb.
The UPR limb had three passive pairs and one active 

pair. To facilitate characterization, the multi-DOF joints 
must be equivalent to the combined form of single-
DOF joints. Therefore, each limb can be regarded as an 
open-loop kinematic chain composed of several single-
degree-of-freedom kinematic pairs, the ends of which are 
connected to the motion platform. For convenience of 
analysis, the origin defining the instantaneous reference 
frame {Bs} is located at point P, and the xs, ys, and zs axes 
are parallel to the x, y, and z axes in the reference frame 
{A}, respectively.

(11)
l2 =

√

(

xp − b cosβ + a
)2 + y2p +

(

zp + b sin β
)2
.

(12)
bo3 =

[

l3 sin β cosα l3 sin α +
√
3a l3 cosβ cosα

]T
.

(13)

p =





xp
yp
zp



 =





l3 sin β cosα −
√
3b sin β sin α

−l3 sin α +
√
3a−

√
3b cosα

l3 cosβ cosα −
√
3b cosβ sin α



.



Page 7 of 18Niu et al. Chinese Journal of Mechanical Engineering           (2023) 36:65  

The instantaneous speed $p generated by the UPR 
limb on the moving platform can be expressed as

where θ̇j,i is the rotational angular velocity of the j-th 
rotating pair in the i-th limb, and q̇i is the linear veloc-
ity of the moving pair in the i-th limb. The UPR limb 
has three passive pairs and one active pair, which can be 
expressed for each screw in the instantaneous reference 
frame as

where i = 1, 2. Additionally, the antispin is obtained using 
the screw theory as follows:

(14)$p = θ̇1,i$̂1,i + θ̇2,i$̂2,i + q̇i$̂3,i + θ̇4,i$̂4,i,

(15)
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�
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$̂2,i =
�

s2,i
(bi − li)× s2,i

�

,

$̂3,i =
�

0
s3,i

�

,

$̂4,i =
�

s4,i
bi × s4,i

�

,

(16)















$̂
r

1,i =
�

s2,i
(bi − li)× s2,i

�

,

$̂
r

2,i =
�

0
s3,i

�

.

The point-multiplying constraint screws on both 
sides of Eq. (14) should satisfy the following equation:

Therefore, the constrained Jacobian of the two limbed 
UPR is

For the Jacobian analysis of the motion of the active 
limb, the moving pair in the UPR of the limb was 
locked, and the active limb was changed from a two-
constrained screw system to a three-constrained screw 

(17)







$̂
rT

1,i · $p = 0,

$̂
rT

2,i · $p = 0.

(18)J c =
[

(b1 − l1)× s2,1)
T sT2,1

sT3,1 0

]

.

Figure 4 Shoulder exoskeleton workspace

Table 1 Upper limb exoskeleton design parameters

Attributes Value

Cylinder Length(mm) 180

Piston Length(mm) 180

Upper Arm l3(mm) 320

Fixed platform side length a(mm) 60

Moving platform side length b(mm) 65

Cylinder Length(mm) 180

Piston Length(mm) 180
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system. Compared with Eq. (18), the addition of a con-
straining screw yields

By dot-multiplying the constraint screw in Eq. (14), 
we obtain

The motion Jacobian matrix in the two-limbed UPR 
limbs is obtained as

where $j,3 represents the screw of the j-th (j = 1,2,3,4) 
kinematic pair in the SR limb. The SR limb has four pas-
sive joint screws that can be expressed in the instantane-
ous reference frame as

The instantaneous speed generated by the SR limb on 
the moving platform can be expressed as

(19)$̂
r

3,i =
[

s3,i
bi × s3,i

]

.

(20)$̂
r

3,i · $p = qi.

(21)J k =
[

(b1 × s3,1)
T sT3,1

(b2 × s3,2)
T sT3,2

]

,

(22)























































$̂1,3 =
�

s1,3
(b3 − l3)× s1,3

�

,

$̂2,3 =
�

s2,3
(b3 − l3)× s2,3

�

,

$̂3,3 =
�

s3,3
(b3 − l3)× s3,3

�

,

$̂4,3 =
�

s4,3
bBs3 × s4,3

�

.

(23)$p = θ̇1,3$̂1,3 + θ̇2,3$̂2,3+θ̇3,3$̂3,3+θ̇4,3$̂4,3.

The point product of both sides of Eq. (23) constrained 
screw satisfies the following:

Therefore, the constraint Jacobian of the limb SR is

Then, the complete Jacobian matrix of 2-UPR-SR is

(24)







$̂
rT

1,3 · $p = 0,

$̂
rT

2,3 · $p = 0.

(25)J c =





((b3 − l3)× s1,3)
T sT

1,3

((b3 − l3)× s3,3)
T sT

3,3



.

(26)J =

















(b1 × s3,1)
T sT3,1

(b2 × s3,2)
T sT3,2

((b1 − l1)× s2,1)
T sT2,1

sT3,1 0

((b3 − l3)× s1,3)
T sT1,3

((b3 − l3)× s3,3)
T sT3,3

















.

Figure 5 Dexterity graphs for Jacobian condition number

Figure 6 Elbow joint flexibility

Figure 7 Adaptation of the shoulder joint to the shoulder-humeral 
rhythm
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3.3  Kinematic Performance Verification
3.3.1  Workspace
The workspace of a parallel robot refers to the work-
ing area of the manipulator or bounded area where the 
manipulator operates on the moving platform. Their 
size is an essential metric for measuring the perfor-
mance of parallel mechanisms. Workspaces are classified 
into reachable and flexible workspaces [36]. Workspace 
analysis was performed to ensure that the rotation of 
the 2-UPR-SR parallel mechanism around the x- and 
y-axes was consistent with the motion characteristics of 
the upper limb. The numerical method for solving the 
workspace is based on the inverse solution of the pose of 
a parallel robot. By determining the position of the end 
of the mechanism, the coordinate search method [37] 
can be used to obtain the working space of the mecha-
nism under various constraints. In this regard, the three-
dimensional spatial range of motion of the 2-UPR-SR 
parallel mechanism is shown in Figure 4.

The results of the study show that the mechanism 
has a good three-dimensional motion space, can meet 
task requirements, and has no singularity in its range of 
motion. The workspace around the y-axis satisfies the 
upper arm adduction/abduction range of motion (−30°–
90°) and has symmetry around the x-axis, thereby meet-
ing the upper arm extension/flexion range of motion 
(−60°–60°). The simulation parameters are listed in 
Table 1.

3.3.2  Dexterity and Stiffness Analysis
The singular configuration of the parallel mechanism 
is slightly more complicated. When the determinant 
of the Jacobian matrix of the robot is zero or tends 
toward infinity, the robot is stiffened or has redundant 
degrees of freedom, and the motion is uncertain. This 

is mainly because when the robot approaches a singu-
lar configuration, its Jacobian matrix is ill-distributed, 
distorting the transfer between the input and output 
of the motion [38, 39]. Therefore, dexterity is an index 
that quantitatively measures the degree of movement. 
A superior dexterity indicates that the mechanism has 
a high stability and movement efficiency. However, this 
type of mechanism design should be located as far away 
from singular configurations. Currently, the dexter-
ity of a robot is measured using the Jacobian condition 
number.

The condition number of the Jacobian matrix can be 
defined as follows:

and

Taking the square of both sides of the equation, we 
obtain the following:

where ‖J‖2 is the largest eigenvalue in the matrix JTJ  ; 
therefore, the J  spectral norm is the largest singular value 
σmax in the matrix, and can be obtained as:

where κ(J ) is the condition number based on the Jacobian 
matrix, σmax is the square root of the largest eigenvalue 

(27)κ(J ) = �J�
∥

∥

∥
J−1

∥

∥

∥
,

(28)�J�= max
�x=1�

�Jx�.

(29)�J�2= max
�x=1�

xTJTJx,

(30)κ(J ) = σmax/σmin,

Figure 8 2-UPR-SR parallel upper-limb exoskeleton stiffness 
distribution Figure 9 Free body diagram of an actuating limb



Page 10 of 18Niu et al. Chinese Journal of Mechanical Engineering           (2023) 36:65 

in the matrix, and σmin is the square root of the smallest 
eigenvalue in the matrix.

The dexterity map of the 2-UPR-SR parallel mechanism 
is symmetrically distributed with rotations around x, 
which is consistent with the symmetric characteristics of 
human flexion and extension motions, as shown in Fig-
ure 5. For a parallel mechanism, if the condition number 
does not tend towards infinity, there is no singular posi-
tion in the mechanism. However, the condition number 
of the machine in this study is stable, indicating that the 
mechanism has a stable motion performance and is suit-
able for the configuration design of human upper-limb 
exoskeletons. The flexibility of the mechanism is also 
demonstrated in Figure 6, where the shoulder mismatch 
is resolved without affecting the flexion movement of 
the elbow joint, demonstrating a high tolerance to mis-
matches in the mechanism.

Most conventional shoulder exoskeleton designs are 
homogeneous; however, owing to the complexity of 
shoulder joint motion, it is difficult to achieve real-time 
overlap between the mechanical and biological joints. 
Instead of making the exoskeleton actively adapt to the 
motion rhythm of the shoulder joint, thereby increasing 
the interaction between the shoulder joint and exoskel-
eton, this study considered the human upper arm as part 
of the exoskeleton mechanism. Subsequently, the exo-
skeleton was driven to create a synergistic motion that 
meets the motion rhythm of the shoulder-humerus from 
the perspective of human–machine compatibility. Thus, 
this study discarded the design of the exoskeleton actively 
adapting to the human body, thereby reducing the inter-
action between the shoulder joint and the exoskeleton. 
Consequently, even the presence of a shoulder-humeral 
rhythm did not affect the movement of the exoskeleton, 
as shown in Figure 7.

Here, the stiffness is the deformation resistance of the 
machine when it is subjected to an external load, which 
reflects the bearing capacity of the mechanism. Since 
the upper limb augmentation exoskeleton needs to carry 
heavy objects, the mechanical effect verification of the 
stiffness characteristics of the parallel mechanism needs 
to be performed to ensure the safety of task completion. 
The moving platform of the mechanism is assumed to be 
subjected to external forces F e = [fe ne] , and the friction 
forces at each joint are neglected.

where F is the external force on the moving platform; K is 
the stiffness matrix of the mechanism, and k is the equiv-
alent spring constant of the mechanism, where k = 1000 
N/mm.

(31)K = kJTJ ,

The enhanced upper-arm exoskeleton must sustain the 
corresponding concentrated force when carrying heavy 
objects; therefore, the stiffness of the mechanism must be 
analyzed and expressed in the form of a minimum eigen-
value distribution, as shown in Figure  8. The maximum 
stiffness matrix of the 2-UPR-SR parallel mechanism was 
4827.20 N/mm, and according to Ref. [40], the maximum 
concentrated force it can carry is 1376 N. Therefore, the 
mechanism has a good bearing capacity and can be used 
to enhance the power assistance of the upper arms.

4  Dynamics Modeling and Analysis
The upper-arm exoskeleton designed in this study is pri-
marily designed to carry objects to enhance the power; 
therefore, the inverse dynamics problem is that the force 
at the end of the moving platform is known, and the 
driving force required by each active limb needs to be 
determined.

4.1  Active Limb Speed and Acceleration
For analytical convenience, a limb coordinate oi − xiyizi 
system is assumed to be established at the vertex Ai of 
the fixed platform to represent the posture of each limb 
about the fixed coordinate system. The active limb and 
fixed platform cannot rotate around the longitudinal 
axis because they are connected using a universal joint. 
The attitude of the limb coordinate system relative to 
the fixed coordinate system is represented using two 
Euler angles, which rotate αi around the axis xi and βi 

Figure 10 Free body diagram of the passive limb
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around the axis yi . Therefore, the rotation matrix of the 
limbed coordinate system relative to the fixed coordi-
nate system was given by

As shown in Figure  9, each active limb includes a 
cylinder and piston. Among them, ei1 is the distance 
between the point Ai and the center of mass of the 
lower rod, and ei2 is the distance between the point Bi 
and the center of mass of the upper rod. Therefore, the 
center of mass of the upper and lower rod limbs in the 
limb can be expressed as:

and the vector closed-loop equation of the limbed chain 
can be given by

The linear and angular velocities of each limb were cal-
culated according to the velocity and angular velocity of 
the moving platform, which can be obtained via derivation 
with respect to the time based on the right side of Eq. (34).

where vbi is the velocity of the endpoint Bi of the moving 
platform in a fixed coordinate system. Using this deriva-
tive, the conversion of vbi to the limbed-chain coordinate 
system can be expressed as

where ivbi =
[

ivbix
ivbiy

ivbiz
]T
.

Multiplying both sides of Eq. (36) by isi , we obtain

For Eq. (36), isi was forked and multiplied on both sides 
since the active limb cannot rotate around the longitudi-
nal axis; subsequently, ωT

i si = 0 and

After the angular velocity of the limb was obtained, the 
centroid velocities of the sleeve and piston were derived 
using Eq. (34) with respect to time.

(32)

R
A
I =





cosβi sin βi sin αi sin βi cosαi
0 cosαi − sin αi
− sin βi cosβi sin αi cosβi cosαi



.

(33)
{

r1i = ai + ei1si,
r2i = ai + (li − ei1)si,

(34)ai + lisi = p + bi.

(35)vbi = vp + ωp × bi,

(36)ivbi = iRAvbi = liiωi × isi + l̇iisi,

(37)l̇i = isiivbi = ivbiz .

(38)i
ωi =

1

li
(isi ×i vbi) =

1

li





−ivbiy
ivbix
0



.

The linear acceleration of the cylinder and center of 
mass of the piston were then obtained via derivation 
using Eqs. (39) and (40) with respect to time.

4.2  Upper Arm Passive Limb Velocity and Acceleration
As shown in Figure 10, e3 is the distance between point 
A3 and the center of mass of the passive limb, which can 
be expressed as

Additionally, the vector closed-loop equation of the 
limbed chain can be obtained as

Subsequently, the linear and angular velocities of the 
passive limb were calculated according to the veloc-
ity and angular velocity of the moving platform, which 
can be obtained via derivation with respect to the time 
using the right side of Eq. (44).

where v3 is the velocity of the endpoint B3 of the moving 
platform in a fixed coordinate system.

Using this derived value, v3 can be converted into the 
limbed coordinate system based on Eq. (46). Therefore,

where 3vb3 =
[

3vb3x
3vb3y

3vb3z
]T.

Subsequently, 3s3 is forked and multiplied on both 
sides of Eq. (46) because the active limb cannot rotate 
around the longitudinal axis (note that the inner and 
outer rotations of the upper arm are not considered 
here). This causes ωT

3 s3 = 0 , which is calculated as

(39)ivi1 = eii1ωi × isi =
e

li





ivbix
ivbiy
0



,

(40)

ivi2 = (li − ei2)
i
ωi × isi + l̇iisi =

1

li





(li − ei2)
ivbix

(li − ei2)
ivbiy

lii vbiz



.

(41)iai1 = eii1ω̇i × isi + eii1ωi × (iωi × isi) ,

(42)
iai2 = l̈iisi+(li − ei2)

i
ω̇i × isi + (li − ei2)

i
ωi

× (iωi × isi)+ 2l̇iiωi × isi.

(43)r3 = a3 + e3s3 .

(44)a3 + l3s3 = p + b3.

(45)vb3 = vp + ωp × b3,

(46)3vb3 = 3RAvb3 = l33ω3 × 3s3 + l̇33s3,
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Once the angular velocity of the limb is obtained, the 
centroid velocity of the passive limb can be obtained via 
derivation using Eq. (43) with respect to time:

where 3v3 represents the velocity of the center of mass of 
the passive limb in the limb coordinate system.

The acceleration of the endpoint B3 of the moving plat-
form is then obtained via derivation using Eq. (45) with 
respect to time.

Based on this derived value, the following expression 
holds:

Subsequently, by simultaneously cross-multiplying 3s3 
on both sides of Eq. (50), we obtain

The linear acceleration of the center of mass of the pas-
sive limb can also be obtained via derivation using Eq. 
(48) with respect to time.

4.3  Dynamic Equation Based on the Jacobian Matrix
Eq. (35) was written in the matrix form to simplify the 
limbed Jacobian matrix of the parallel mechanism to:

where,

(47)3
ω3 =

1

l3
(3s3 × 3vb3) =

1

l3





−3vb3y
−3vb3x

0



.

(48)3v3 = e33ω3 × 3s3 =
e3

l3





3vb3x
3vb3y
0



,

(49)v̇b3 = v̇p + ω̇p × b3 + ωp × (ωp × b3) .

(50)
3ab3 =3v̇b3 = 3RAv̇b3 = l33 ω̇3 × 3s3

+ l33ω3 × (3ω3 × 3s3).

(51)3
ω̇3 =

1

l3

3s3 × 3v̇bi3 =
1

li





iv̇biy
iv̇bix
0



.

(52)

3a3 = e33ω̇3 × 3s3 + e33ω3 × (3ω3 × 3s3) =
e3

l3







3v̇b3x
3v̇b3y

−
3v2b3x+

3v2b3y
l3






.

(53)vbi = J biẋp,

J bi =





1 0 0 0 biz −biy
0 1 0 −biz 0 bix
0 0 1 biy −bix 0



,

and ẋp =
[

vpx vpy vpz wpx wpy wpz

]T indicate the linear 
and angular velocities of the moving platform.

Eq. (53) can be converted to the limbed-chain coordinate 
system as

and using the properties of Eq. (54), Eq. (37) can be re-
written as follows:

Because there is no linear displacement of the passive 
limb along the longitudinal axis, the Jacobian matrix of 
the two driving limbs can be written twice based on Eq. 
(55) as

where J p =















1J b1z
2J b2z
01×6

01×6

01×6

01×6















0×6

 is the Jacobian of the parallel 

mechanism.
For the active limb, Eqs. (38)–(40) were similarly trans-

formed using Eq. (54) to obtain

where iẋi1 and iẋi2 represent the velocities of the center of 
mass of the upper and lower rods of the i-th active limb, 
respectively. iJ i1 and iJ i2 are the link Jacobian matrices, 

(54)ivbi = iJ biẋp =





iJ bix
iJ biy
iJ biz



ẋp,

(55)l̇i = ivbiz = iJ biz ẋp.

(56)















l̇1
l̇2
0
0
0
0















= Jpẋp,

(57)iẋi1 = iJ i1ẋp,

(58)iẋi2 = iJ i2ẋp,

Table 2 Dynamic simulation parameters

Attributes Value

Moving platform quality  mp(kg) 0.24

Upper arm chain quality  m3(kg) 1.95

Cylinder quality  mi1(kg) 1.03

Piston quality  mi2(kg) 0.3

Upper arm centroid distance e3(mm) 160

Cylinder centroid distance e2(mm) 80

Piston centroid distance e1(mm) 80
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respectively, of the cylinder and positon in the i-th active 
limb.

Similarly, for the passive limb, Eq. (54) was used to 
rewrite Eqs. (47) and (48) as

Subsequently,















































































iJ i1 =
1

li

















e1
iJ bix

e1
iJ biy

01×6

−iJ biy
iJ bix
01×6

















,

iJ i2 =
1

li

















(li − e2)
iJ bix

(li − e2)
iJ biy

li
iJ biz

−iJ biy
iJ bix
01×6

















.

(59)3w3 =
1

l3





−3J b3y
−3J b3x
01×6



ẋp,

(60)3v3 =
1

l3





3J b3x
3J b3y
01×6



ẋp.

(61)3ẋ3 = 3J 3ẋp.

Assuming that the resultant force vector of the 
moving 2-UPR-SR parallel mechanism platform is 
F e =

[

f e ne
]T,

where Fp represents the resultant force vector received 
by the center of mass of the moving platform, mp repre-
sents the mass of the moving platform, AIp represents the 
inertial moment of the moving platform about the fixed 
frame, where AIp=ARB

BIBPRA , and BIp represents the 

(62)

Fp =
[

f p
np

]

=
[

f e +mpg −mpap
ne − AIpω̇p − ωp ×

(

AIpωp

)

]

,

Figure 11 Flexion and extension motions

Figure 12 One cycle of actuating displacements: actuating 
displacements using a MATLAB and b ADAMS
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inertial moment of the moving platform about the mov-
ing coordinate system.

For the two parallel mechanism drive limbs, the 
resultant force vectors are iF il =

[

ifi1,
ini1

]

 and 
iF i2 =

[

ifi2,
ini2

]

.

(63)iF i1 =
[

mi1
iRAg −mi

i1ai1
−iI ii1ω̇i − i

ωi ×
(

iI ii1ωi

)

]

,

(64)iF i2 =
[

mi2
iRAg −mi

i2ai2
−iI ii2ω̇i − i

ωi × (iI ii2ωi)

]

.

In the equation, iF i1 and iF i2 are the resultant force 
vectors between the lower and upper rods of the limb, 
mi1 and mi2 are the masses of the lower and upper rods 
of the limb, respectively, and iI i1 and iI i2 are the inertia of 
the lower and upper rods of the limb, respectively.

For the passive limb resultant force vector 
3F3 = [3f3, 3n3] of the parallel structure:

where 3F3 is the resultant force vector in the passive 
limb, m3 is the mass of the passive limb, 3I3 is the inertial 
moment of the passive limb, and the superscript 3 indi-
cates the passive limb coordinate system.

The dynamic equation of the 2-UPR-SR parallel mecha-
nism was derived using the principle of virtual work, as 
follows:

where τ =
[

τ1 τ2
]

 denotes the driving force required by 
the two active limbs. It is worth noting that Fp is rep-
resented in the fixed frame A, iF i1 and iF i2 are respec-
tively transformed in the fixed coordinate system using 
the limbed Jacobian matrices iJ i1 and iJ i2 , and the driv-
ing force τ is transformed in the fixed coordinate system 
using the parallel mechanism Jacobian matrix J p middle. 
The dynamic problem of the 2-UPR-SR mechanism was 

(65)3F 3 =
[

m3
3RAg −m3

3a3
−3I33

.
ω

3
−3

ω3 ×
(

3I3
3
ω3

)

]

,

(66)

JTp τ + Fp +
2

∑

i=1

(

iJTii1 F i1 + iJTii2 F i2

)

+3JT3
3F3 = 0,

Figure 13 One cycle of actuating forces: actuating forces using a 
MATLAB and b ADAMS

Figure 14 Abduction and adduction motions
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theoretically calculated and verified using a simulation 
method with the parameters listed in Table 2.

5  Human–machine Modeling Simulation and Case 
Analysis

5.1  Human–machine Modeling and Simulation
Compared with the lower limbs of the human body, the 
upper limbs of the human body have no regular move-
ments such as gait. Therefore, the upper limb flexion and 
extension angles α , and adduction and abduction angles 
β were defined. At β = 0 and α = 0.9× cos(π/4 × t) , the 
moving platform rotates around the x-axis, that is, the 

flexion and extension of the upper-limb exoskeleton, as 
shown in Figure 11. The red curve in Figure 11 represents 
the trajectory of the center of the moving platform during 
flexion and extension. The corresponding changes in the 
driving displacement and driving force are shown in Fig-
ures  12 and 13, respectively. At β = 0.9× cos(π/4 × t) 
and α = 0 , the moving platform rotates around the 
y-axis, that is, the adduction and abduction movements 
of the upper-limb exoskeleton, as shown in Figure  14. 
The red curve in the figure represents the trajectory of 
the center of the moving platform during abduction and 
adduction, and the corresponding changes in the driving 
displacement and driving force are shown in Figures 15 
and 16, respectively.

Figure 15 One cycle of actuating displacements: actuating 
displacements using the a MATLAB and b ADAMS

Figure 16 One cycle of actuating forces: actuating forces using a 
MATLAB and b ADAMS
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As previously mentioned, the two driving limbs are 
symmetrically distributed in the sagittal plane of the 
body. When the mechanism performs the flexion and 
extension movements of the human body, the mobile 
pair performs the extension or contraction movement, 
respectively, and the driving force in the two active 
limbs changes under the same amplitude and in the 
opposite direction, which is in line with the actual force 
during flexion and extension. When the mechanism per-
forms adduction and abduction motions, the moving 
pairs simultaneously perform elongation or contraction 
motions, and the driving force change in the two active 
limbs are the same, which is consistent with the actual 
force conditions during adduction and abduction. More-
over, the consistency in the theoretical and simulation 
values validates the kinematic and dynamic modeling of 
the 2-UPR-SR parallel upper-limb exoskeleton. As shown 
in Figures 13 and 16, the theoretical and simulated values 

are relatively smooth at the peak values, indicating that 
the parallel mechanism has a better dynamic perfor-
mance during this movement and can be used to enhance 
the power assistance of the upper arms.

5.2  Case Analysis
To achieve effective upper-limb augmentation assistance, 
this section presents a case study involving the lifting of a 
heavy object with one arm. As shown in Figure 17a, after 
the human body is fitted with an exoskeleton, the heavy 
objects are picked up using a flexion motion and placed 
down using a stretching motion. As shown in Figure 18a, 
the human body lifts heavy objects through abduction 
when wearing an exoskeleton. Throughout this process, 
the upper limbs of the body only follow the movement 
and are not the main bearers of the driving force, and the 
sleeve motor in the two-drive limb enables heavy objects 
to be transported by changing the thrust of the piston 
rod.

Figure 17b shows the shift in the driving force for the 
two active limbs with different loads during flexion and 
extension, and Figure 18b shows the shift in the driving 
force for the two active limbs with different loads during 
the adduction and abduction processes. A comparison of 
Figures 17b and 18b shows that the initial values of the 
driving force are different when lifting the same weight 
owing to the different ranges of body motions in the flex-
ion-extension and abduction-adduction degrees of free-
dom, which in turn leads to different initial boosts of the 
active strut. However, the push and pull forces were not 
proportional to the loading forces, reflecting the complex 
dynamic behavior of the upper-limb exoskeleton. Nota-
bly, the results of the comparative simulations with and 
without upper-arm involvement show that during the ini-
tial phase of movement, the upper arm reduces the need 
for actuation forces, indicating that the upper arm plays 

Figure 17 Flexion and extension force distributions when picking up and placing down heavy objects: a diagram of the flexion and extension 
used to pick up and place down objects, and b change in the actuating force

Figure 18 Abduction and adduction when picking up and placing 
down heavy objects: a diagram of flexion and extension when 
picking up and placing down objects, and b change in the actuating 
force.
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a coordinating role during movement, reflecting high 
human–machine compatibility. As the movement pro-
gressed, the boost role of the upper arm diminished and 
was entirely taken up by the drive support chain, causing 
no burden on the body.

6  Conclusions
In this study, a parallel shoulder exoskeleton was 
designed using the human upper arm as a passive sup-
port chain to solve the shoulder-joint mismatch problem 
during assistance. The following conclusions were drawn.

(1) The shoulder joint parallel exoskeleton satisfies the 
two degrees of freedom of human flexion/extension 
and internal abduction/adduction motions, and its 
working space satisfies the requirements for carry-
ing heavy objects.

(2) The 2-UPR-SR parallel mechanism can withstand 
a load of at least 1376 N. The dexterity mapping 
show that using the human body as the passive sup-
port chain mechanism of a parallel mechanism can 
improve human–machine compatibility and is an 
effective design method for solving the shoulder-
joint mismatch problem.

(3) Human–machine dynamics model can be devel-
oped using the principle of virtual work, and the 
high consistency between the theoretical and 
simulated values demonstrates the accuracy of the 
human–machine modeling approach.

(4) The human upper arm effectively participates in 
the synergistic movement of the upper limb and 
reduces the driving force demand at the initial 
stage of assistance, thereby achieving good human–
machine compatibility. This is evident from the 
simulation results of the heavy lifting case.
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