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To meet the different requirements in the industrial area, a novel reconfigurable parallel mechanism is proposed based on the
spatial multiloop overconstrained mechanism. The configurations can be changed by driving the low-DOF (degree-of-freedom)
overconstrained mechanism. The mobility of this mechanism is investigated. And the kinematic model and Jacobian matrix are
both established. Based on the Jacobian matrix, the workspace, stiffness, and conditional number are all analyzed. To focus on
the application in the industrial area, this paper proposes a method to establish the relationship between the performance and
the structural parameters by using the modified BP neural network. Based on this method, the structural parameters can be
chosen by the requirements of the special task in the industrial area. Finally, some numerical examples are presented to verify
the method.

1. Introduction

Recently, parallel mechanisms have gained more and more
interests in the research community, due to their advantages
caused by their structures, like high stiffness, good dynamic
performance, and high load [1–4]. However, in the modern
industrial area, the parallel mechanisms with a single perfor-
mance cannot meet the requirements of the flexible
manufacturing systems. In this case, the reconfigurable paral-
lel mechanisms have been the hot area in the parallel mech-
anism field. In order to obtain a novel reconfigurable
parallel mechanism, researchers presented many ways, like
modularity [5–7], metamorphic link or joint [8–10], and
reconfigurable link [11, 12] or mechanism [2]. The initial
reconfigurable parallel mechanisms are proposed using the
modularization, which can change their configuration by
adding or locking some modular components. To change
the based platform, the Bicept robot has different configura-
tions, which was presented by Li et al. [5]. These reconfigur-
able parallel mechanisms cannot change their configurations

by themselves, and the reconfiguration processes need man-
ual intervention. Thus, some metamorphic structures have
been proposed to make mechanisms change their configura-
tion. By using the Bennett plano-spherical mechanism,
Zhang et al. [8] presented a novel reconfigurable parallel
mechanism. The mechanism has a different configuration
by altering some metamorphic joints or linkages into differ-
ent working phases. Similar to this way, another metamor-
phic parallel mechanism has been proposed [13]. At the
same time, some lockable joints have been proposed to
change the mechanisms’ configuration [9, 14–16]. In this
way, the mechanisms should go through the singularity posi-
tion when the mechanisms change their configurations. So,
they cannot change their configurations, continuously. Thus,
a new way to design the reconfigurable parallel mechanism
attracted more and more researchers, which is using the
reconfigurable link or mechanism.

Performance evaluation for the parallel mechanism is a
significant issue in real industrial application [17]; thus, some
indices have been proposed to evaluate the workspace [18–20],

Hindawi
International Journal of Aerospace Engineering
Volume 2020, Article ID 8878058, 21 pages
https://doi.org/10.1155/2020/8878058

https://orcid.org/0000-0002-5207-0196
https://orcid.org/0000-0002-7295-4837
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/8878058


stiffness [21], and other aspects [22–24] of the mechanism.
In this case, the performance analysis of reconfigurable par-
allel mechanisms has also gained interests. Coppola et al.
[25] presented a reconfigurable hybrid robot called ReSI-
Bot, and some performance like workspace, singularity,
and stiffness were all discussed. Huang et al. [26] proposed
a 5-DOF reconfigurable hybrid robot named TriVariant,
and minimizing a global and comprehensive conditioning
index was used to optimize its structural parameter. Based
on the virtual coefficient, Wang et al. [27] proposed a gen-
eralized transmission index that can evaluate the motion/-
force transmissibility of fully parallel manipulators, while,
in this paper, the overconstrained mechanism is applied
to build a novel reconfigurable parallel mechanism with dif-
ferent configurations [28]. Compared with the existing
method, the proposed mechanism can continuously change
its configuration without human intervention. For the
workspace of a reconfigurable parallel mechanism, Brisan
and Csiszar [29] proposed some novel workspace indices
to investigate the relationship between the shape, dimen-
sions of the workspace, and the configurations of the mech-
anism. Viegas et al. [30] proposed three strategies including
drive range extension, base translation, and dynamic joint
reconfiguration to research the workspace of the reconfigur-
able spatial parallel mechanism. Chen [31] proposed a novel
performance index to evaluate the maximum dynamic load-
carrying capacity (DLCC) by using Boltzmann-Hamel-
d’Alembert formulism.

However, the above performance indices are obtained
after the mechanisms are determined. Well, for the reconfi-
gurable parallel mechanisms, the most significant character-
istic is that they have many different performances. In
order to choose a certain configuration based on the require-
ment, combining artificial intelligence and parallel mecha-
nism is a considerable method to establish the relationship
between the performance and configuration.

With the intersection of mechanism and artificial intel-
ligence, the intelligent algorithms are widely used to opti-
mize the mechanism structural parameters [32–34], solve
the kinematic solution [35, 36], plan the trajectory of the
end effector [37, 38], and so on. Based on the genetic algo-
rithm, Kelaiaia et al. [39] focused on the multiobjective
optimization of a linear Delta parallel robot, regarding
workspace, stiffness, kinematic, and dynamic performances
as the criteria. Jamwal et al. [40] proposed a novel ankle
rehabilitation robot, based on the modified genetic algo-
rithm; the kinematic design optimization for the parallel
robot was proposed. Based on the neural network, the
analytical solutions of system stiffness and dexterity for a
spatial parallel mechanism were calculated [41]. According
to different machining requirements, single-objective opti-
mization and multiobjective optimization algorithms were
both used to optimize a serial-parallel hybrid polishing
machine tool [42]. Zhang and Lei [35] used the artificial
neural network to solve the forward kinematic problem
of the parallel mechanism. To optimize the serial-parallel
hybrid polishing machine tool, Wang et al. proposed a
method to balance the machining quality and efficiency
by using a neural network.

To solve the above problem that task oriented configura-
tion determination, this paper proposes a novel method to
establish the relationship between the performance indices
and structural parameters by using the modified BP neural
network. Based on this neural network, import the perfor-
mance requirements and the structural parameters can be
exported. In this way, the configuration can be determined
by the special task.

In this paper, a novel reconfigurable parallel mechanism
is presented, based on the spatial multiloop overconstrained
mechanism. Next, the kinematic and dynamic models are
both established. Then, the performance analysis for the pro-
posed mechanism is processed. Next, according to the indus-
trial requirements, a novel BP neural network is established
to obtain the relationship between the configurations and
performance indices. Finally, some numerical examples are
presented to verify the correctness of these analyses.

2. Design Description

2.1. Model Description. The schematic of the proposed recon-
figurable parallel mechanism is shown in Figure 1. The
reconfigurable mechanism consists of a spatial overcon-
strained mechanism and a parallel mechanism. The spatial
overconstrained mechanism has three identical limbs, and
each limb has one horizontal joint and one revolution joint.
At the same time, the parallel mechanism also has three
identical limbs and each limb has three joints which are
the vertical prismatic joint and two universal joints. Each
limb is connected to the based platform by a horizontal
joint, so the limb can move along the axis of the horizontal
joint, while a connecting link connected the limbs 1 and 2,
and the two sides of the link are both revolute joints, so is
the relationship between limbs 2 and 3. In this case, the
based platform, three vertical links, and two connecting
links comprise the spatial multiloop overconstrained mech-
anism, which has one degree of freedom (DOF). And its
DOF will be proved in the following section.

The parallel mechanism consists of three identical limbs
arranged by a vertical prismatic joint and two universal
joints. When the spatial multiloop overconstrained mecha-
nism is drove, the structural parameter of the parallel mech-
anism will be changed; then, the whole manipulator owns
different configurations, which means the reconfigurable
parallel mechanism has different performance. For this
manipulator, the horizontal prismatic joints and the vertical
prismatic joints are regarded as the actuators.

2.2. Mobility Analysis. In this section, the mobility of the
manipulator is analyzed, especially for the spatial multi-
loop overconstrained mechanism. The initial position of
the manipulator is shown in Figure 1. The fixed coordi-
nate system is located at the central point of the based
platform, which is expressed by O − xyz. The coordinates
of each point belonged to the spatial multiloop mechanism
can be written as A1 = ½xa1 yb1 za1�T, E1 = xe1 ye1 ze1½ �T,
A2 = xa2 yb2 za2½ �T, E2 = xe2 ye2 ze2½ �T, A3 =
xa3 yb3 za3½ �T, and E3 = xe3 ye3 ze3½ �T, separately.

2 International Journal of Aerospace Engineering



Based on the screw theory, in the limb A1E1, the direction
of the horizontal prismatic joint, A1, is along the x‐axis,
which can be written as 1 0 0½ �T. The axial direction
of the revolute joint, E1, is 0 0 1½ �T; thus, the twist
screw can be written as

$t1 = 0 0 0 ; 1 0 0½ �T,
$r1 = 0 0 1 ; 0 xe1 0½ �T:

(
ð1Þ

Based on Equation (1), the wrench system of the limb
A1E1 can be written as

$r1 =

0 0 0 ; 0 0 1½ �T,
0 0 0 ; 0 1 0½ �T,
0 1 0 ; 0 0 −xe1½ �T,
0 0 1 ; 0 0 0½ �T:

8>>>>><
>>>>>:

ð2Þ

Similarly, for the limb A2E2, the axial direction of the
horizontal prismatic joint, A2, is a1 b1 0½ �T and the
axial direction of the revolute joint, E2, is along with the
z‐axis, which can be written as 0 0 1½ �T; thus, the twist
system of the limb A2B2 is

$t1 = 0 0 0 ; a b 0½ �T,
$r1 = 0 0 1 ; 0 xe2 0½ �T:

(
ð3Þ

Based on Equation (3), the wrench system of the limb
A2B2 can be written as

$r2 =

0 0 0 ; 0 0 1½ �T,
0 0 0 ; 0 1 0½ �T,

−
b1
a1

1 0 ; 0 0 xe2

� �T
,

0 0 1 ; 0 0 0½ �T:

8>>>>>>>><
>>>>>>>>:

ð4Þ

Based on Equations (2) and (4), the twist system of the
spatial single-loop overconstrained mechanism can be
obtained as

$A1A2 = 0 0
1
xe1

;
a xe1 + xe2ð Þ

bxe1
1 0

� �T
: ð5Þ

According to Eqution (5), the single-loop overcon-
strained mechanism has one DOF, and the mobility of
the other single-loop mechanism including limbs A2B2
and A3B3 can be calculated in the same way.

The proposed spatial multiloop overconstrained
mechanism consists of the two single-loop mechanisms,
and the limb A2B2 is the common limb, which is
attached to the driving joint. In this case, the spatial
multiloop overconstrained mechanism has one DOF,
which is moving along the axis of the horizontal pris-
matic joint.

For the other section of the manipulator, namely, the par-
allel mechanism is a 3-PUU parallel mechanism having three
translations with the axes of x, y, and z. So, the reconfigurable
parallel manipulator needs four actuators to ensure it is
working well.
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Figure 1: The schematic of the reconfigurable parallel mechanism.
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2.3. Kinematic and Dynamic Analysis

2.3.1. The Kinematic of the Overconstrained Mechanism. The
schematic of the spatial multiloop overconstrained mecha-
nism is shown in Figure 2. The angles between any two links
are all 120°. While for this mechanism, the input parameter is
a, and the output parameter is b. The distance between any
two links equals to d. Thus, based on the cosine law, the rela-
tionship between the input and output parameters can be
written as

a2 + b2 − 2ab cos θð Þ = d2: ð6Þ

According to the actual application, the minus solution
should be abandoned, so the result can be written as

b =
−a +

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−3a2 + 4d2

p

2
: ð7Þ

2.3.2. Inverse Kinematic for the Parallel Mechanism. The
schematic of the parallel mechanism is shown in
Figure 3. The point, O, is the initial point attached to
the ground and is represented by Oxyz. The local coordi-
nates, Ox1y1z1, is located at the central point of the mov-
ing platform. Their axial directions are shown in the
following picture. As shown in Figure 3, liði = 1, 2, 3Þ is
the driving parameter and the output parameters are the
coordinates of the O1. And l is the length of the fixed-
length link, and a and b are the structural parameters
obtained from Equation (7). The circumcircle radius of
the moving platform is r.

For the inverse kinematic, it means the coordinates of
point O1 are known to solve the lengths of the driving joints,
liði = 1, 2, 3Þ. In this paper, the proposed mechanism is sym-
metry, so the vector equation for each limb is similar. In this
case, the closed-loop vector equation of the mechanism can
be given as

OAi
��! +AiBi

��! +BiCi
��! +CiDi

��! =OOi
��! +OiDi

��!
i = 1, 2, 3ð Þ: ð8Þ

The parallel mechanism only has three translations, so
the rotation matrix from the local coordinate system to the
fixed coordinate system is the unit matrix and the coordi-
nates of the joints in each limb can be given as

C1 = a − f 0 l1½ �T ;
D1 = x + r1 y z½ �T ;

C2 = −
b − f
2

−
ffiffiffi
3

p
b − fð Þ
2

l2

� �T
;

D2 = x −
r1
2

y −
ffiffiffi
3

p
r1
2

z

� �T
;

C3 = −
b − f
2

ffiffiffi
3

p
b − fð Þ
2

l3

� �T
;

D3 = x −
r1
2

y +
ffiffiffi
3

p
r1
2

z

� �T
:

ð9Þ

The coordinates of the central point of the moving
platform located in the fixed coordinate system is
x y z½ �T. Based on the structural constraints, the
lengths of the fixed-length link are known, so the equation
can be obtained as

CiDi
��!��� ��� = l i = 1, 2, 3ð Þ: ð10Þ

Thus, the variables of the driving joints can be calcu-
lated by Equation (10).
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Figure 2: The schematic of the spatial multi-loop over-constrained
mechanism.
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2.4. Jacobian Matrix. For the parallel mechanisms, the
Jacobian matrix is the mathematical basis to evaluate
the performance of the mechanisms. In this paper, when
the reconfigurable parallel mechanism is working, the
configuration is determined, which means the reconfigur-
able mechanism is locked. The input parameters of the
manipulator are only the lengths of three vertical pris-
matic joints, and the output parameters are the coordi-
nates values of the central point located at the moving
platform. Taking the time derivative of Equation (8)
yields

_li × si!+ wci
�! × ci!= _vo1 + wdi

�! × bi
!, ð11Þ

where _li = l1 l2 l3½ �T are the velocity of the driving
joints, si! means the direction of the vertical prismatic
joint, wci

�! is the angle velocity of the fixed-length link,
ci! is the vector of the fixed-length link, _vo1 is the veloc-
ity of the moving platform, wdi

�! is the angle velocity of

the moving platform, and bi
!

means the vector of DiO1
��!

in the local coordinate system.
Based on mathematical knowledge, simplifying Equation

(11) yields

_l1
_l2
_l3

0

0

0

2
666666666664

3
777777777775
=

c1 c1 × b1
c2 c2 × b2
c3 c3 × b3
0 s1
0 s2
0 s3

2
666666666664

3
777777777775

vx

vy

vz

wx

wy

wz

2
666666666664

3
777777777775
: ð12Þ

Thus, the velocities of the three driving joints can be
obtained, when the velocity of the moving platform is given.

2.5. Dynamic Analysis. In the industrial application, a
dynamic model is an important section for the parallel mech-
anism. In this section, the inverse dynamic model is calcu-
lated for the parallel mechanism, based on the Lagrangian
Theory. In general, there are several methods to obtain the
dynamic model of the parallel mechanism, like Lagrangian
Theory, Newton-Euler Formulation, and Principle of Virtual
Work. In this paper, the proposed manipulator only has three
translations, and the Lagrangian Theory is the best way for
this manipulator to calculate this model.

For the proposed parallel mechanism, x, y, z, l1, l2, and l3
are regarded as the generalized coordinates. The first type of
Lagrangian equations can be written as

d
dt

∂L
∂ _qj

 !
−

∂L
∂qj

=Q j + 〠
k

i=1
λi
∂Γi
∂qj

j = 1⋯ 6ð Þ, ð13Þ

where Γi is the ith constraint function, k is the number of con-
straint functions, and λi denotes the Lagrangian multiplier.
Qi ði = 1, 2, 3Þ represent the x, y, and z components of an

external force exerted at the moving platform and Qj ðj = 4,
5, 6Þ means the actuator force. L represents the total energy
of the parallel mechanism.

The total energy includes kinetic energy and potential
energy, and the kinetic energy can be given as

T = TP + 〠
3

i=1
Tai + Tbið Þ, ð14Þ

where TP is the kinetic energy of the moving platform, Tai is
the kinetic energy of the vertical prismatic slider, and Tbi is
the kinetic energy of the fixed-length link CiDi. In this paper,
in order to simplify the dynamic model, assuming that the
mass of each connecting rod, mb, in the fixed-length link
assembly is divided evenly and concentrated at the two end-
points Ci and Di. In this case, the kinetic energy of each part
can be written as

Tp =
mp _x2 + _y2 + _z2
� �

2
,

Tai =
ma

_li
	 
2
2

,

Tbi =
mb _x2 + _y2 + _z2
� �

+mb
_li
	 
2

2
,

ð15Þ

where ma is the mass of the vertical prismatic slider.
The potential energy of the parallel mechanism can be

written as

U =mpgz + 〠
3

i=1
magli +mbg li + zð Þð Þ, ð16Þ

where g is the gravitational acceleration.
Based on Equations (14) and (16), the total energy of the

parallel mechanism can be written as

L = T −U: ð17Þ

Substituting the given variate into Equation (13), the λi
can be calculated.

The second type of Lagrangian equations can be writ-
ten as

Fj =
d
dt

∂L
∂ _qj

 !
−

∂L
∂ _qj

− 〠
k

i=1
λi
∂Γj

∂qj
j = 1, 2, 3ð Þ: ð18Þ

Thus, the input force Fj can be calculated.

3. Performance Analysis

3.1. Workspace. Workspace is the shape and volume that the
manipulator can be reached in the global coordinate system.
The constraints of the workspace include the structural
parameters and the joint angle. In order to determine the
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workspace in the different configurations, the range of the
driving joint is given as

0:10m ≤ li ≤ 0:50m i = 1, 2, 3ð Þ: ð19Þ

The range of the angle between the fixed-length link CiDi
and the vertical prismatic joint AiBi is given as

10° ≤ βi ≤ 75° i = 1, 2, 3ð Þ: ð20Þ

Thus, the figure of the workspace in different configura-
tions is shown in Figure 4. Figure 4(a) shows the workspace

when a = b, which means the mechanism is central symme-
try. And the workspace is also central symmetry seen from
Figure 4(a). When a = 0:25m, the workspace is shown in
Figure 4(b). When a is minimum, compared with
Figure 4(a), the range of the workspace along y‐axis is declin-
ing while the range along x‐axis is increasing. The other lim-
ited situation is shown in Figure 4(c), namely, a = 0:475m.
When a is maximum, the range of workspace along x‐axis
is declining while the range along y‐axis is increasing. Thus,
the proposed manipulator has a different workspace in differ-
ent configurations, namely, this manipulator owns different
performances in the aspect of workspace.
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Figure 4: The workspace in different configurations.
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3.2. Stiffness Analysis. Stiffness is the deformation between
the actual and desired position of the end effector, when the
manipulator is given a task. To simplify the stiffness model, all
the joints and links of this manipulator are regarded as rigid.

The stiffness of the manipulator is related to a wrench
acting on the moving platform including the forces and
moment. In this system, w1 = f1 m1½ �T is the wrench vec-
tor showing the forces and torques acting on the platform.

In this vector, f1 = f x f y f z
� �T is the forces and m1 =

mx my mz
� �T represents the moments acting on the
moving platform. For this parallel mechanism, both the con-
straint of structural configuration τc and the constraint of
driving joints τa act on the manipulator. To balance the con-
straint forces or moments acting on the moving platform, the
stiffness modeling of the manipulator can be written as

w1 = J1Ta τ1a + J1Tc τ1c, ð21Þ

where

τ1a = χ1aΔq1a, ð22Þ

τ1c = χ1cΔq1c: ð23Þ

In Equation (22), Δq1a and Δq1c are representing the defor-
mation of the actuators and structural configuration. And
χ1a = diag k1a1 k2a1 k3a1

� �
and χ1c = diag k1c1 k2c1 k3c1

� �
.

According to the virtual work principle, the equation of
the manipulator can be given as

w1
TΔX1 = τ1Ta Δq1a + τ1Tc Δq1c, ð24Þ

where ΔX1 = _x _y _z _θx _θy _θz

h iT
is the deformation

of the moving platform.
Combining Equations (21), (22), and (24), one can have

w1 =K1ΔX1, ð25Þ

where K1 is the generalized stiffness matrix which can be
given as

K1 = J1TχJ1, ð26Þ

J1 =

c1 c1 × b1
c2 c2 × b2
c3 c3 × b3
0 s1
0 s2
0 s3

2
666666666664

3
777777777775
: ð27Þ
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Figure 5: The stiffness in different configurations.
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Based on Equation (27), the stiffness can be expressed as

f x

f y

f z

mx

my

mz

2
666666666664

3
777777777775
=

k11 k12 k13 k14 k15 k16

k21 k22 k23 k24 k25 k26

k31 k32 k33 k34 k35 k36

k41 k42 k43 k44 k45 k46

k51 k52 k53 k54 k55 k56

k61 k62 k63 k64 k65 k66

2
666666666664

3
777777777775

_x

_y

_z

_θx
_θy

_θz

2
666666666664

3
777777777775
:

ð28Þ

Due to mobility analysis, the motions in θx , θy , and θz are
constrained. Thus, the stiffness matrix can be rewritten as

f x

f y

f z

2
664

3
775 =

k11 k12 k13

k21 k22 k23

k31 k32 k33

2
664

3
775

_x

_y

_z

2
664
3
775: ð29Þ

In this paper, assuming kij = 1 × 106 N/m ði = 1, 2, 3 ; j
= 1, 2, 3Þ and z = 0:15m, the stiffness of different configura-
tions is shown in Figure 5. Figure 5(a) shows the stiffness of
the manipulator when a = b. In this configuration, the mech-
anism is central symmetry and the mapping of the stiffness is
symmetry, as well. When the end effector is closed to the cen-

tral area, the stiffness is maximum, which is about 4:5 × 105
N/m, while its stiffness is declining rapidly when the end
effector is near the boundaries of the workspace. And the
stiffness is declining more rapidly along the positive direction
than the negative direction of x‐axis. When a = 0:25m, which
means a is the minimum, the stiffness of the manipulator is
shown in Figure 5(b). The distribution of stiffness is similar
to Figure 5(a), but the central area is moving with negative x
‐axis, and the whole stiffness mapping figure moves about
0.05m along the negative x‐axis. The stiffness mapping along
the y‐axis is as symmetrical as when a = b. The stiffness of the
manipulator is shown in Figure 5(c), when a = 0:475m. Same
as the above, near the central area, the manipulator has the
highest stiffness and near the boundaries, the stiffness of the
manipulator is declining. The acceptable stiffness range along
the x‐axis decreases, as well. However, the range along the
y‐axis becomes larger than a = b and a = 0:25m. And the
shape of the mapping is the same as the mechanism’s
structure in this configuration. According to these figures,
the manipulator has different performance in stiffness when
the mechanism locates at different configurations, which
means the manipulator owns reconfigurable ability.

4. Condition Number

Condition number is a performance to evaluate the dexterity
of the manipulator, which is calculated from the Jacobian
matrix. It can be given as
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Figure 6: The condition number in different configurations.
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κ =
max eig Jð Þð Þ
min eig Jð Þð Þ : ð30Þ

Based on Equation (30), the condition number is deter-
mined by the position of the end effector and κ ≥ 1. When κ
is closing to 1, the manipulator has the best dexterity.
Figure 6 shows the condition number when z = 0:15m in dif-
ferent configurations. When a = b, the condition number is
shown in Figure 6(a). The shaded area is the projection of
the workspace. The condition number range is from 1.45 to
1.85, which means the manipulator owns the balance perfor-
mance in the workspace. Figure 6(b) shows the condition
number when a = 0:25m. In this configuration, the condition
number is from 1.2 to 2. When the mechanism is locating at
the boundary area, the mechanism has the better perfor-
mance. When a = 0:475m, the condition number is shown
in Figure 6(c). The range is from 4 to 10, which means the
mechanism has a significant difference in the workspace.
And in this configuration, the mechanism owns worse per-
formance than a = b and a = 0:25m in the aspect of dexterity.
Although the condition number is not better, the range along
the z‐axis is increasing. Based on Figure 6, when a = b, the
maximum condition number is 1.85, which is larger than
the other two configurations. Thus, compared with another
two cases, the manipulator has the best performance in con-
dition number when a = b. According to the results, the
manipulator has different performance in different
configurations.

5. Neural Network and Its Application

5.1. Global Index. For the manipulator, condition number
and stiffness are the performance located at a special point,
not the global indices. In order to evaluate the performance
in different configurations, the global indices about the stiff-
ness and condition number should be proposed.

The global stiffness index (GSI) is given as

GSI =
Ð
Kð ÞdWÐ
dW

, ð31Þ

where
Ð
dW =∭dxdydz.

Similar to the GSI, the global condition number index
(GCNI) can be given as

GCNI =
Ð
κð ÞdWÐ
dW

, ð32Þ

where
Ð
dW =∭dxdydz.

Besides the stiffness and condition number, the work-
space is a global index. In this case, the performance for the
manipulator in different configurations can be calculated.
However, the units of the stiffness, condition number, and
workspace are not identical; a method is proposed to solve

this problem. This method can be written as

τ =
ηi −min ηð Þ

max ηð Þ −min ηð Þ : ð33Þ

In this paper, the range of the reconfigurable parameter,
a, is a ∈ ½0:25m, 0:475m�. Thus, the trend of these global
indices is shown in Figure 7. As shown in Figure 7, when
a < 0:4m, the workspace is increasing with a, and when a
> 0:4m, the workspace is declining with a. The stiffness
and condition number are both increasing with a. Thus,
the manipulator has a different performance, when it is in
a different configuration. Based on reconfigurable ability,
the manipulator can be chosen as a suitable configuration
for a certain requirement.

5.2. Performance Choice Based on a Neural Network. Tradi-
tionally, the performance of a special mechanism will be
determined when the structural parameters are given.
However, in the modern industrial area, based on the spe-
cial task, determining the structural parameters becomes
the tendency, especially for the reconfigurable parallel
mechanism. In this paper, the modified BP neural network
is used to solve this problem. Neural networks are noted
for the ability of nonlinear and complex functions, which led
to their extensive applications including pattern classification,
function approximation, and optimization. The neural net-
work includesBPneuralnetwork,RBFneuralnetwork,GRNN
neural network, and Hopfield neural network.

BP neural network is a multilayer neural network, includ-
ing an input layer, several hidden layers, and an output layer.
Its remarkable character is that it is a feedback network and it
can adjust its threshold and weight based on error backpro-
pagation algorithm. Thus, in this paper, the BP neural net-
work is the best choice to solve the above problem.
According to the complex of these performance indices, a
four-layer BP neural network is designed which means it
has two hidden layers. The topology of the BP neural network
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is shown in Figure 8. As shown in Figure 8, the input
parameters are PGCNI PGSI PWorkspace

� �T and the output
parameter is the reconfigurable structural parameter, a. In
order to obtain the accurate neural network, the hidden
layers include two sections, and the functions of both sec-
tions are given as

f xð Þ = 2
1 + e−2x

− 1: ð34Þ

In this case, the output of the note of the 1st hidden
layer is given as

Hj1 = f 〠
n

i=1
wij1xi1 − aj1

 !
j = 1, 2,⋯20ð Þ, ð35Þ

where wij1 is the weight between the input and the 1st hid-
den layers and aj1 is the threshold of the 1st hidden layer.

Similarly to Equation (35), the function between the 2nd

hidden layer and the output layer is given as

Hj2 = f 〠
n

i=1
wij2xi2 − aj2

 !
j = 1, 2,⋯20ð Þ, ð36Þ

where wij2 is the weight between 1st and 2nd hidden layers
and aj2 is the threshold of the 2nd hidden layer.

The output of the output layer is given as

O = 〠
i

j=1
Hj2wj − b i = 1, 2,⋯,20ð Þ, ð37Þ

where wj is the weight between 2nd hidden and output layers
and b is the threshold of the output layer.

The error between actual output, O, and desired output,
Y is given as

e =
1
2

O − Yð Þ2: ð38Þ

Input layer 1st hidden layer 2nd hidden layer

Output

20 nodes20 nodes

PGCNI

PGSI a

PWorkspace

Figure 8: The topology of the BP neural network.

Table 1: The part of training samples.

No.
Input parameters Output parameters

PGCNI PGSI PWorkspace a (m)

1 0.0193 0.0000 0.0000 0.1250

2 0.0138 0.0380 0.1067 0.1350

3 0.0095 0.0870 0.1973 0.1450

4 0.0060 0.1324 0.2848 0.1550

5 0.0029 0.1812 0.3601 0.1650

6 0.0009 0.2287 0.4160 0.1750

7 0.0000 0.2849 0.4767 0.1850

8 0.0003 0.3360 0.5310 0.1950

9 0.0031 0.3878 0.5863 0.2050

10 0.0101 0.4400 0.6473 0.2150

11 0.0200 0.4939 0.7062 0.2250

12 0.0321 0.5453 0.7637 0.2350

13 0.0464 0.5965 0.8322 0.2450

14 0.0634 0.6484 0.9028 0.2550

15 0.0835 0.6993 0.9706 0.2650

16 0.1066 0.7428 1.0000 0.2750

17 0.1358 0.7909 0.9855 0.2850

18 0.1709 0.8330 0.9545 0.2950

19 0.2147 0.8698 0.8893 0.3050

20 0.2734 0.9062 0.8221 0.3150

21 0.3527 0.9383 0.7241 0.3250

22 0.4683 0.9651 0.6140 0.3350

23 0.6533 0.9857 0.4424 0.3450

24 1.0000 1.0000 0.3175 0.3550
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In order to obtain the best weight and threshold faster,
the additional momentum method is applied, which can be
given as

w kð Þ =w k − 1ð Þ + Δw kð Þ + a w k − 1ð Þ −w k − 2ð Þ½ �, ð39Þ

where wðkÞ, wðk − 1Þ, and wðk − 2Þ are the weight at time k,
k − 1, and k − 2, separately.

At the same time, the variable learning method is
used to make the training process faster, which is given
as

Table 2: The test and actual indices.

Desired indices
a (m)

Actual indices
PGCNI PGSI PWorkspace PGCNI PGSI PWorkspace

0.0137 0.0444 0.1155 0.1364 0.0134 0.0457 0.1147

0.0140 0.4637 0.6628 0.2173 0.0125 0.4561 0.6474

0.2480 0.8925 0.8567 0.3148 0.2721 0.9057 0.8206

0.8311 0.9951 0.3815 0.3481 0.7367 0.9913 0.4405

0.1390 0.7946 0.9851 0.2831 0.1301 0.7825 0.9935

0.0011 0.2287 0.4143 0.1749 0.0011 0.2287 0.4147

0.0006 0.3406 0.5320 0.1962 0.0006 0.3420 0.533

0.0548 0.6217 0.8642 0.2538 0.0616 0.6428 0.8908

0.3348 0.9324 0.7214 0.3201 0.3108 0.9239 0.774
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η t + 1ð Þ =
kincη tð ÞE t + 1ð Þ < E tð Þ,
kdecη tð ÞE t + 1ð Þ > E tð Þ,
η tð ÞE t + 1ð Þ = E tð Þ,

8>><
>>: ð40Þ

where k is the learning rate. Generally, kinc > 1 and 0 <
kdec < 1.

In this paper, part of all training samples is listed in
Table 1. There are 24 samples in the table; however, 24
samples are too little to train the neural network. In this
paper, 241 samples are used to train the BP neural net-
work. Then, the trained neural network is obtained.
Figure 9 shows the result of the trained neural network.
Figure 9(a) is the error of the neural network, and in
257th epoch, the neural network is trained well, which
has the best performance. Figure 9(b) shows the gradient,
validation, and learning rate in the training process, sepa-
rately. Figure 9(c) shows the regression between the actual
training samples and output parameters.

Some random tasks are presented to verify the effective-
ness of the neural network. Firstly, these desired indices are
put into the input layer of the neural network; then, the
reconfigurable parameter, a, can be calculated by the neural
network. Next, the calculated parameters are substituted
into the kinematic model, while the actual indices can be
obtained. Finally, comparing the desired and actual indi-
ces, the effectiveness of the neural network can be verified.
These indices are listed in Table 2. Figure 10 shows the
comparison between the desired and actual indices.
Figures 10(a)–10(c) show the PWorkspace, PGCNI, and PGSI
between the actual and desired indices, separately.
Figure 10(d) shows these indices of error between actual
and desired indices. Compared with the desired indices,
these errors can be neglected. Thus, the trained neural net-
work can obtain the reconfigurable parameter well and
work well. Based on the trained neural network, the con-
figuration can be determined, according to the require-
ment of a certain task.

6. Numerical Example

In this section, a special task is presented to verify the correct-
ness of kinematic and dynamic models. In this sample, the
external forces are all zero and the initial position of the cen-
tral point is 0 0 0:1½ �T. The structural and mass parame-
ters are listed in Table 3.

The equation of the end effector’s trajectory is given as

ra = u n + tð Þ,
x = ra cos tð Þ,
y = ra sin tð Þ,
z = 0:1,

8>>>>><
>>>>>:

ð41Þ

where t is the time, r is the radius of the curve, and z1 is
the value along the z‐axis. In this sample, t = 10 s, z1 =
0:1m, u = 0:01m, and n = 0:01 s. And the result is shown
in Figure 11.

As shown in Figure 11, Figure 11(a) is the actual trend
of driving joints, which is obtained from the simulation
soft. (b) is the desired length of the joints, which is calcu-
lated by the kinematic model. (c) shows the errors
between actual and desired joints and the error is very
small. (d) is the error along the z‐axis. (e) is the error
between the actual and desired trajectory in the plane.
From these figures, the error exists, but it is very small,
and it can be neglectful. Thus, the inverse kinematic
model can be verified.

The dynamic result is shown in Figure 12.
Figure 12(a) shows the accelerations of three joints when
the trajectory of the end effector is the Archimedes spi-
ral. (b) is the driving force of these joints. According to
Figures 12(a) and 12(b), the tendency of accelerations
and driving forces is similar, which confirms to reality.
Figures 12(c)–12(e) are the mapping of the driving
forces along the x, y‐axis, separately. Along different
directions, the different driving forces are increasing,
monotonously.

7. Conclusion

This paper presents a novel reconfigurable parallel mech-
anism based on the spatial multiloop overconstrained
mechanism. According to the screw theory, the mobility
of the reconfigurable is analyzed. The reconfigurable
mechanism has one DOF, and it can change the parallel
mechanism’s structural parameter. Then, the performance
of the reconfigurable parallel mechanism will be changed.
The inverse kinematic and dynamic model of the reconfi-
gurable parallel mechanism are both established. Thus,
based on the Jacobian Matrix, some performance indices
are proposed. And the different performances in different
configurations are analyzed. And it shows that the novel

Table 3: The structural and dynamic parameters.

Parameter Value Parameter Value Parameter Value Parameter Value

ma 0.4799 kg mb 0.1323 kg f y 0N f z 0N

mp 1.5750m f x 0N ax 0m/s2 ay 0m/s2

az 0m/s2 a 0.307m l 0.331m r 0.01m

e 0.045m r1 0.081m
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reconfigurable parallel mechanism has some configura-
tions and the reconfigurable parallel mechanism has dif-
ferent performance indices. In order to choose the best
configuration based on the special task requirement, by
using the modified BP neural network, an algorithm is
designed to solve this problem. And some samples are
used to train the algorithm. Then, based on the trained

neural network, some test samples are proposed to verify
the correctness and accuracy of the designed neural net-
work. Thus, a suitable configuration can be determined
by the special requirement in the industrial area. Finally,
based on a certain task, the numerical example is pro-
posed to verify the correctness of the inverse kinematic
and dynamic models.
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Figure 11: The result of simulation.
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