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Abstract

A modeling method of multi-objective optimization design for parallel mechanisms (PMs) is proposed, whose
implementation is illustrated with 2RPU-RPS mechanism as an example. The orientation of biased output axis
on moving platform is depicted by spherical attitude angles, and its kinematic model is deduced through vector
method. With screw theory as mathematic tool, a comprehensive evaluation method of kinematic performance
for PM is established. On this basis, the expensive constrained multi-objective optimization model of dimensional
parameters for the discussed mechanism is constructed. The NSDE-II algorithm, formed by replacing the genetic
algorithm operators in non-dominated sorting genetic algorithm II (NSGA-II) with DE operators, is utilized to
solve this multi-objective optimization problem, thus obtaining multiple Pareto optimal solutions with engineering
application significance, which proves the feasibility and effectiveness of the proposed modeling method and algo-
rithm. Moreover, the normalization coverage space and the minimum adjacent vector angle are proposed to evaluate
the computational performance of NSDE-II. Finally, the potential engineering application value for the optimized
2RPU-RPS PM is presented.

1. Introduction

The 3-degree-of-freedom (DOF) 1T2R (T and R represent translational and rotational motions, respec-
tively) parallel mechanisms (PMs), generating hybrid output motion, have a good application prospect
in freeform surface machining, crops picking, friction stir welding, and joint rehabilitation training [1].
Currently, partial 1T2R PMs have been successfully put into industrial application such as A3/Z3 tool
head, Tricept, Exechon, and TriVariant.

Dimensional synthesis is the critical process to realize engineering design and application of PMs,
which aims at optimizing the scale parameters of mechanisms based on the performance indicators such
as kinematics, dynamics, bearing capacity, and static stiffness [2]. Some scholars have carried out a lot
of research on dimensional synthesis of 1T2R PMs, among which the optimization design based on
kinematic performance is the common and efficient method. Song et al. [3] achieved the dimensional
synthesis for 3-UPU (U is universal joint and P is prismatic joint) PM based on performance atlas. Xu
et al. [4] used the ideal-point method to establish a unified objective function including the maximum
bearing capacity and the minimum driving branch motion range and further optimized structural param-
eters of 2RPU-UPR (R is revolute joint) PM applied in antenna support. Yang et al. [S] constructed the
optimization model for the maximum natural frequency of 3-RPS (S is spherical joint) PM. Furthermore,
the genetic algorithm (GA) was employed to solve this optimization problem. The aforementioned cases
can all be attributed to single-objective extreme value optimization problem, which is not suitable for
guiding engineering design and application.
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For engineering applications, it is usually expected that multi-performance indices of PMs can be
simultaneously excellent, but these indices often conflict with each other. To this end, the multi-objective
optimization of the 1T2R PMs needed to be performed for satisfying the practical applications. In this
respect, scholars proposed some methods that can achieve the multi-objective optimization. Wang et al.
[6] utilized spatial model method to achieve multi-objective optimization of 3-PUU mechanism with
the goal of optimal motion/force transmissibility and orientation capability. RUSSO et al. [7] estab-
lished the multi-objective dimensional synthesis model of 3-UPR PM with the optimization objectives of
workspace, dexterity, and stiffness and ultimately obtained multiple Pareto optimal solutions. GAO et al.
[8] established the multi-objective optimization model for the maximum workspace, global stiffness,
dexterity, and operability and then applied the multiple population GA to solve this model. Zhang et al.
[9] used multi-objective particle swarm optimization (PSO) algorithm solve the multi-objective opti-
mization problem for 2PUR-PSR mechanism, and then the regular workspace and global motion/force
transmission index of this PM were optimized. Li et al. [10], based on error and workspace, established
the multi-objective optimization model of (2PRR)-R-2RRR PM and applied non-dominated sorting
genetic algorithm II (NSGA-II) to obtain multiple sets of Pareto optimal solutions.

The aforementioned studies all achieved multi-objective optimization of 1T2R PMs through intel-
ligent algorithms, while the objective functions are not directly related to engineering requirements,
and these optimized mechanisms are also not used as main structure to design more novel equipment.
Therefore, this paper focuses on multi-objective optimization of the 2RPU-RPS PM for specific engi-
neering requirement. Moreover, the optimized mechanism is taken as the execution component to design
a novel multi-DOF hydraulic support test bed, which can provide a theoretical reference for solving the
technical problems faced by existing test beds with single DOF.

The main contributions of this work can be summarized as follows: (1) using 2RPU-RPS mech-
anism as loading executive device, this paper designed a novel 5-DOF hybrid hydraulic support test
bed. (2) Based on the actual requirement of loading test, the expensive constrained multi-objective opti-
mization (ECMOP) model of 2RPU-RPS mechanism is established, which is then solved by improved
multi-objective evolutionary algorithm (MOEA). (3) Combined with the optimization result, the vir-
tual prototype of the novel 5-DOF hybrid hydraulic support test bed is designed, and its load-bearing
capacity is verified through the finite element analysis.

The rest of this paper is organized as below. In Section 2, the kinematic analysis of 2RPU-RPS mech-
anism is carried out. The calculation methods of performance indices are presented in Section 3. In
Section 4, the multi-objective optimization model is established and the solving algorithm is given.
Section 5 presents the implementation of multi-objective dimensional optimization for 2RPU-RPS
mechanism. In Section 6, the finite element analysis of novel 5-DOF hybrid loading test bed of hydraulic
support is given.

2. Kinematic analysis of 2RPU-RPS PM

This section first described the topological structural characteristics and further established kinematic
models by means of vector method. To enhance the orientation capability, the output axis of end effector
on the moving platform is designed as deviating type, and its orientation is depicted through the spherical
attitude angles (i.e., azimuth and tilt angles) according to Ref. [11].

2.1. Architecture description of mechanism

The planar symmetric 2RPU-RPS PM is composed of a fixed base, a moving platform, and three
branches, whose schematic diagram and CAD model are presented in Figure 1. For ease of descrip-
tion, R;P,U; and R,P,U, chains are marked as limbl and limb2, and their topological structure can
be represented as {-R,-P;-R;; LR, } and {-R,-P,-R,; LR»,}, respectively. The topological structure of
limb3 is {-R3-P;-S;-}. As shown in Figure 1(a), the fixed base and the moving platform are both designed
as isosceles triangle, that is, AA;A,A; and AB;B,B;. Points A; (i represents the order of each branch,
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Figure 1. 2RPU-RPS parallel mechanism. (a) The schematic diagram of 2RPU-RPS PM. (b) The CAD

model of 2RPU-RPS PM.

i=1, 2, 3) are centers of revolute joints R;, and points B; are centers of universal joints U; and U, and
spherical joint S;. O and O’ are the midpoints of bottom edges A,A, and B, B,, and OA; and O’'B; are
the height of AAA,A; and AB,B,B;. Additionally, the prismatic joint P; of each branch is the active
joint, and its driving displacement and direction vectors are g; and w;. The structural parameters of this
mechanism are as follows. A, A, =21, O_A3 =1,BB,=2l;,0B;=1.In Figure 1(b), 6 and i represent
output Euler angles of the moving platform.

The global coordinate frame {f} : O-XYZ is established on the fixed base A;A,A;, where X axis is
along OA;, Y axis is along OA|, and Z axis can be directly determined by right-hand rule. Then set x, y
and Z to be the unit vectors of each coordinate axis in the {f}. Similarly, the local coordinate frame
{m}: O'-xyz is attached to the moving platform B,B,Bs, in which x axis is collinear with O’'Bs, y axis
is collinear with O’'B,, and z axis is perpendicular to the plane of the moving platform according to
right-hand rule. Then the unit vectors of axes in {m} are x’,y’ and 7/, respectively.

Based on the established coordinate frames, the whole structure of discussed mechanism is semi-
symmetric about XOZ plane. The assembly geometric relationship among each kinematic joint in the
2RPU-RPS PM can be described as follows. Revolute joints R; and R, are attached on the fixed base,
and their axes are parallel to X axis. Universal joint U, is formed by vertical intersection of revolute
joints Rj; and Ry,, and then R;; and R, are, respectively, connected to the end of limb1 and the moving
platform. The composition of universal joint U, is identical to U;. In the two universal joints U, and U,,
the axes of Ry, and R,, are both parallel x axis, and the axes of R, and Ry, are coaxially assembled on
the y axis. Hence, limb1 and limb2 are always located in the YOZ plane. In addition, limb3 is connected
to the fixed base and the moving platform through revolute joint R; and spherical joint S3, and axis of R;
is always perpendicular to R; and R,. Therefore, limb3 is always located in the XOZ plane. Moreover,
there exist following geometric relationships in the initial pose of this mechanism, that is, x is parallel
to X, and points O and O’ are collinear.

2.2. Analysis for the inverse displacement

According to the conclusion in Ref. [12], the DOF of 2RPU-RPS mechanism is 2R1T, that is, one
rotation is around X axis, the other is around y axis, and the translation is along Z axis. Suppose O’ to
be the reference point of the end effector, and its coordinate vector in the coordinate system {f} to be
P = (Xp, Yp, Zp)". Hence, the inverse displacement of this mechanism can be expressed as solving the
driving displacement of each branch ¢; (i =1, 2, 3) with the structural parameters (/;, L,, /3, [;) and the
end output pose (6, ¥, Zp).
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The coordinate vector of point A;(i =1, 2, 3) in the {f} can be written as:

A;=(0,1,0)"
A, =(0,-1,0)". (H
A;=(5,0,0)"

The coordinate vector of point B;(i =1, 2, 3) in the {m} can be written as:
b, =(0.5,0)"
b,=(0,-15,0)". )
bs = (1,0,0)"

The X-Y-Z type Euler angles (6, v, 0) can be directly used to depict the orientation of the moving
platform, since the discussed mechanism has two rotational DOFs that do not rotate around its own
axis. Therefore, we can obtain the orientation matrix of the coordinate system {m} relative to the {f},
that is,

cos ¥ 0 sin
M =Rot (X, 0) Rot (y, ) = sinfsinyy cosf® —sinfcosy |. 3)
—cosf@siny  sinf  cos6cosy

The parasitic motion along X axis, denoted as Xp, is equal to 0, since points B;, B, and O’ are always
located in YOZ plane. According to coordinate transmission rule, the coordinate vector of point B,(i = 1,
2, 3) in the {f} can be expressed as:

Bi=(Xy, Yn.Zy) =P+Mb,; (i=1,23). @

Note that since point Bs is always in XOZ plane, the translation along Y axis of this point is equal
to 0, that is, Y5, = 0. From Eq. (4), the parasitic motion along Y axis of the moving platform can be
formulated as:

Yp = —1I,sin O sin . (®)]

Eq. (5) indicates that 2RPU-RPS PM only has parasitic motion along the Y axis, which can to some
extent reduce the complexity of its position calibration, trajectory planning, and motion control.

According to constraint of rod length, the calculation model of inverse displacement is obtained as
follows:

gi=1B: — Al (i=1,2,3). (6)

2.3. Orientation depiction for offset output axis

Due to the absence of rotation around its own axis, the azimuth angle ¢ and tilt angle £ (seen in
Figure 2(a)) can be used to depict the orientation of end output axis O'H of 2RPU-RPS mechanism.
Upon this foundation, the orientation capability of mechanism can be defined as the maximum tilt angle
that the output axis O'H can achieve under any azimuth angle. The workspace of 2RPU-RPS mecha-
nism is symmetric about XOZ plane owing to its semi-symmetric topological structure characteristic.
Consequently, the tilt angle & of end output axis is also symmetric about XOZ plane but asymmetric
about YOZ plane, which to some extent limits the orientation capability of the end effector. In other
words, the tilt angle of the output axis at certain azimuth angles may be very small. To improve ori-
entation capability of the whole mechanism, we designed end output axis O'H of this mechanism as
deviating type, that is, there exists an offset angle A between output axis O'H and moving platform
normal O’z (seen in Figure 2(b)). Notice that X is also located in XOZ plane.

Figure 2(a) presents the situation of describing the orientation of output axis O'H in the T&T angles
(¢, &). In this figure, the unit vector of O'H can be further written as:

Noy = (sin& cos ¢, sin& sin¢, cos €)" . @)
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(a) (b)

The orientation depiction of end output axis The schematic sketch of end offset output axis

Figure 2. The end offset output axis of 2RPU-RPS mechanism. (a) The orientation depiction of end
output axis. (b) The schematic sketch of end offset output axis.

According to Figure 2(b), the unit vector of end output axis O'H in the coordinate system {f} can be
written as:

cos ¥ sin A + sin ¢ cos A
noy =M(sin 1,0, cos \)T = sin 6 sin ¢ sin A — sin 6 cos ¥ cos A . ()
— cos 0 sin i sin A + cos 6 cos ¥ cos A
Comparing Egs. (7)—(8), we can obtain
Y = arcsin (sin& cos ) — A
sin £ sin ¢ cos £ (I + 1l <m/2) )
cos(¥ + 1) cos(y + A))

Eq. (9) is essentially a functional relationship between orientation parameters of output axis and Euler
angles of moving platform. Obviously, there are two solutions to Euler angle 4, and the one, meeting
condition | 4+ A| < /2, is selected based on practical requirement.

6 = arctan 2 <—

3. Kinematic performance analysis of 2RPU-RPS PM

In this section, the analytical formulae of good transmission orientation workspace (GTOW), global
transmission index (GTI), and transmission fluctuation index (TFI) are given to evaluate the overall
kinematic performance of 2RPU-RPS PM.

3.1. Motion/force transmission performance analysis
From Figure 1(a), the twist screw of limb1 in the coordinate system {f} are
$1| = (fC, ngl)
$12=(0§X1,W1) (10)
$13=(§7,r031 X-?) ’
$i:= (5’7,"031 XJ’;\/)
where 0, is the zero column of three elements, and r;, is the position vector of point B, in the {f}.
For lower DOF limb in PM, each constrained wrench screw (CWS) is reciprocal with all twist screws.
Hence, the CWSs can be obtained by solving reciprocal screw of Eq. (10), that is,
$l;| = (.%,rOB] X .if)
$:2 = (ngl’ z/)
Eq. (11) indicates that limbl imposes two constraints on the moving platform, one is a pure force
passing through point B; and parallel to the X axis, and the other is a constraint couple perpendicular to

Y
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the plane formed by the two rotation axes of U, joint. Due to the identical topological structure of limb1
and limb2, the CWS generated by them are also identical.
Similarly, the twist screw of limb 3 in the {f'} can be written as:

$: = ('i' ngl)

$:2= (05, w3)

$33= (X, rop, x %) , (12)
$34=( T o, X)’)

$35 = (2,708, x2)

where rg;, is the position vector of point B; in the {f}.
The corresponding reciprocal screw of limb3 can be expressed as:

$;1:(.9er83 Xj;) (13)
It can be seen from Eq. (13) that the constraint force generated in limb 3 passes through point B; and
are parallel to Y axis.

Substituting Eq. (4) into Egs. (11) and (13), we can further obtained the whole CWS of 2RPS-RPU
PM as follows:

$ews = (1,0,0; 0, Zp + Iy sin 6, — (Yp + L5 cos 0))
$eas = (0, 1,0; — (Zp — Iy sin6) , 0,1, cos ) (14)
$CWS (0,0,0; 0, — sin 8, cos 0)

According to the conclusion in Ref. [13], the transmission wrench screw (TWS) in each branch chain
is an additional CWS after rigidizing the active joint P; (i =1, 2, 3). Hence, the TWS generated in each
driving chain of 2RPU-RPS mechanism is a pure force, which crosses point A; along the w; direction,
that is,

$”.FWS (W,’(A Xw))(i=1,2,3). 15)

Analyzing motion/force transmissibility involves calculating input transmission screw (ITS) and out-
put transmission screw (OTS). The prismatic pair P in each branch chain is the active joint, whose
corresponding twist screw is denoted as ITS, that is,

$is= (07 WD) (i1=1,2,3). (16)

The OTS in i-th limb, denoted as $;;¢, can be defined as an instantaneous OTS at the end of the
corresponding single DOF spatial linkage mechanism after locking the driving pairs of the other two
branch chains except for i-th branch chain, and then the calculation method and steps of $, has been
elaborated in Ref. [14].

The input transmission index (ITI) of i-th limb, indicating the motion/force transmission efficiency
from ITS to related TWS, can be expressed as

|$ITS TWS |
—( =1,2,3), an

N = $
s © Prws | max

9

where sign “o” is reciprocal operator. Substituting Eqs. (15)~(16) into Eq. (17), we can obtain
nn=10=1,2,3).

Eq. (17) further indicates that the input transmission singularity will not occur in 2RPU-RPS
mechanism.

Similarly, the output transmission index (OTI) of each limb represents the transmission efficiency
form TWS to corresponding OTS, whose analytical formulae is

i i
i |$0Ts 0 $TWS’
OoTI —

(i=1,2,3), (18)

ots © $Tws | max
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where i, € [0, 1], and if 5, is equal or close to 0, the output transmission singularity occurs.

Subsequently, it is necessary to simultaneously consider input and output transmissibility when eval-
uating the whole motion/force transmission performance. Thereby, the local transmission index (LTI) is
defined as below

N = IE}IZHS {r];Tp r]é)”r]} = 11’:1}121’13 {né)"n} . (19)

As can be seen from Eq. (19), n. is also dimensionless and ranges from O to 1. The closer to 1,
the better motion/force transmission performance. Based on aforementioned solving process of 1y,
LTI can only evaluate the motion/force transmissibility of 2RPU-RPS PM at a certain instantaneous
position and orientation. In other words, there is a functional relationship between 1.1, and end output
pose parameters of this mechanism, that is,

e =N (Zp, €, 6) . (20)

3.2. Performance analysis of workspace

For 2RPU-RPS mechanism, its workspace can be defined as a point set formed by all reachable position
and orientation of reference point O’ of the moving platform. Moreover, the allowable index [7] is set
as 0.7, which can ensure that the parallel loading mechanism has a good transmissibility and is far away
from singular positions.

Owing to the minimal impact on the transmission performance indices [15], the section height of
workspace Zp can be preset to a fixed value. At this point, n.r is degenerated into a binary function
regarding orientation parameters, that is, 7.1 = n.11(¢, ). On this basis, the workspace composed of all
orientation satisfying Eq. (21) can be defined as GTOW with fixed section, known as Qgrow:

Nen = nen (6,6) > [n]1=0.7. (21

Taking the point (¢, £) = (0, 0) as center, we plot the maximum inscribed circle (MIC) for GTOW,
which is then called regular good transmission orientation workspace (RTOW), denoted as €2 grow. The
radius & of RTOW can directly depict the orientation capability of 2RPU-RPS mechanism, which is
written as:

&r =min {§[nun (£,€) =[], V¢ €[0,2m)} . (22)

The essence of & is the orientation capability of the end output axis on the moving platform, and the
larger its value, the better the orientation capability of 2RPU-RPS mechanism, that is, the maximum tilt
angle that can be achieved under any azimuth angle is larger.

For quantitatively analyzing and evaluating €2 grow, the GTI and TFI are further introduced, whose
analytical formulae are as follows:

_ fo2" ()ER N (¢, §) sin&dgdé
o= m(l—cosky) (23)

2n rér 2
(nim = ign)” sin £dz d
o =\/ JoJy” (in = om : (24)

21 (1 —cos &)

where “sin £d¢d&” represents the infinitesimal area of unit sphere.

ngri can evaluate the overall motion/force transmission performance of 2RPU-RPS mechanism within
RTOW, whose value also ranges from 0 to 1. Undoubtedly, the closer ngry is to 1, the better overall
motion/force transmissibility of mechanism. oy is utilized to evaluate the fluctuation of motion/force
transmission, and its smaller value indicates that the discussed mechanism is more stable when operating
away from singular position.
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4. Dimensional multi-objective optimization model and method

In this section, the ECMOP model of 2RPU-RPS PM is constructed, which is then solved by multi-
objective evolution algorithm (MOEA).

4.1. Objective functions

Dimensional optimization aiming at kinematic performance is one of the most mainstream methods
for PMs, which usually takes the performance indices related to workspace capability and motion/force
transmissibility as objective functions [16]. It is worth mentioning that the RTOW is generally applied
in engineering application to facilitate motion planning and control. The radius of RTOW, representing
the orientation capability of end effector, should be as large as possible to satisfy some operation with
large rotation range. Furthermore, ngr; should be as close as to 1, yet orr should be as close as to 0
to ensure that 2RPU-RPS mechanism has good and stable motion/force transmissibility. Thereby, the
objective functions can be set to

min f (x) = (fi (x) .2 ) .f3 (x))T = (—&r, —Ncm> UTFI)T . (25)

4.2. Decision variables

Combined with the analysis in Section 2.1, the structural parameters of 2RPU-RPS mechanism include
half of /; and I, of the fixed base, and half of /; and /, of the moving platform. Due to the fact that
scaling the dimensional parameters of mechanism to a certain proportion does not affect its kinematic
performance, /, can be given in advance and (/,, /3, /) are used as decision variables.

Figure 3 presents the offset type of the end output axis and the spherical hinge base. As shown in
Figure 3(a), the O’z is essentially the output axis with zero-offset, which is directly perpendicular to
the moving platform. Due to the semi-symmetric workspace of 2RPU-RPS PM, O’z only has good tilt
capability within partial azimuth range. In this paper, the discussed mechanism is used as loading device
of a novel hydraulic support test bed, and the tilt direction of tested supports is unknown, thus requiring
the end effector of loading device to have good tilt capability in whole azimuth range. Therefore, an
appropriate offset angel A, between O'H and O'z, can make the output axis O'H have good tilt capability
in any direction. Moreover, the influence curves of objective functions in Eq. (25) changing with offset
angle A are also shown in Figure 4. Based on above analysis, the offset angle A should be considered as
a decision variable.

The swing range of spherical joint S, can affect the tilt capability and orientation workspace of 2RPU-
RPS mechanism. Similarly, to enhance swing range of spherical joint, the normal vector of the spherical
hinge base n; is also designed as offset, and A’ is the offset angle. From Figure 3(a) and (c), the normal
vector of spherical base n; in the {m} is n; = (sin A’, 0, cos )T, and then the swing angle of S joint is
8g = arccos (— ngMTw3). On this basis, the offset angle A’ also should be taken as a decision variable.

According to the above analysis, the decision variables of this multi-objective optimization for
dimensional parameters of 2RPU-RPS mechanism are

x= (00 x5) = (b by Ly ) (26)

4.3. Constraints
Constraint 1: In engineering application, RTOW is usually used as the working area of PM to facilitate
motion planning and control. From Eq. (22), the longer the radius of RTOW, the better the capability
of mechanism. Additionally, designers also expect mechanisms to have a good transmissibility and be
away from singular area. Combined the above analysis, the constraints about kinematic performance
indices are introduced:

& () =15°—& =<0

8 (x)=0.8—nen <0. 27)

g (x)=0om—01=<0
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Offset end-effctor
T

The offset output axis and normal
vector of spherical hinge base.

The detail view of spherical hinge base.

Figure 3. The schematic diagram of end output axis and spherical hinge base. (a) The offset output
axis and normal vector of spherical hinge base. (b) The detail view of offset end output axis. (c) The
detail view of spherical hinge base.
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Figure 4. The curves of each objective function changing with A.

Constraint 2: Since 2RPU-RPS mechanism is driven by prismatic, the active displacement of each
branch chain is limited, that is,
8ari (¥) = ﬁ max geqp 14 —1<0

" . (i=1,2,3), (28)
8ori(X)=1— ﬁ Ming g)eq, {4} <0
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where [, and /;, are the upper and lower bounds of three active limbs, respectively.
Constraint 3: The swing range of spherical joint S; is also limited, that is,

810 (x) = max {|85|} - SS,max = 0. (29)
(€.5)er

Constraint 4: This mechanism has the parasitic translation along Y axis, which will increase the
complexity of trajectory planning and reduce the working accuracy of the mechanism, thus introducing
the constraints as follows:

gu (x)=1Yp|/l, = 0.2 <0. (30)

Constraint 5: The dimension ratio of fixed base and moving platform should be appropriate to satisfy
the rod length coordination constraint condition. Thereby, this paper further constructs the rod length
constraints, which are

[

g (X) = 1—3 -0.8<0, 31)
1
L

g3 ()= —08<0. (32)
2

The universal joints U; and U, are designed as a series connection with the axes of two rotation
joints intersecting vertically, which can enhance their swing angles, thus not considering the limitation
of swing angles.

Based on the analysis in Sections 4.1~4.3, it can be concluded that the multi-objective optimization
model of 2RPU-RPS mechanism contains 3 objective functions, 5 decision variables, and 13 constrained
conditions, which can be defined as an ECMOP model. When solving such problems, the computational
cost is very high and many local optimal solutions will be generated during the optimization process.
The MOEA is an efficient tool for solving ECMOPs.

4.4. Non-dominated sorting differential evolution algorithm I1

The NSGA-II, proposed by Deb [17], is currently one of the most popular MOEA. Compared with
NSGA, NSGA-II has the significant advantages of retaining elite individuals, lower complexity, and
larger individual distribution. Thereby, this paper applies NSGA-II to solve dimensional optimization
model of 2RPU-RPS mechanism. The construction and calculation process of NSGA-II are elaborated
in Ref. [17], thus here being omitted.

Additionally, a good evolution operator can accelerate convergence of MOEAs and improve diver-
sity of the new generated individuals. Compared with GA, the differential evolution (DE) algorithm
has the significant advantages of strong global search capability and high convergence speed [18].
Therefore, the DE algorithm is used as evolution operator in NSGA-II to form a hybrid MOEA named
as NSDE-II. The following focus on using NSDE-II to solve the multi-objective optimization model of
2RPU-RPS PM.

4.5. Constraints processing

When using NSDE-II to solve the ECMOP of dimensional parameters for 2RPU-RPS mechanism, 13
inequality constraints included in Egs. (27)~(32) should be handled as well. This paper adopts adaptive
penalty function method to transform this ECMOP of the discussed mechanism into a multi-objective
unconstrained optimization model, and the specific process is as below.

Suppose the candidate solutions to be x and take its constraint violation function is

13

fao @)=Y _{Ix]; - [1+21og, (1+10° [x]])]} . (33)

k=1

where [x]; represents an nonnegative integer, that is, [x]} = max{0, g;(x)}.
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Table 1. The decision space of dimensional multi-objective optimization of

2RPU-RPS PM.

Variable I,(mm) 1;(mm) l,(mm) A(°) NG
Lower boundary 50 40 40 =30° 90°
Upper boundary 280 160 220 30° 180°

Subsequently, using Egs. (23) and (33), we can construct the unconstrained multi-objective function
by adaptive penalty function method, which are

£ @ =F @ + 1o @), (34)

where f;(x)(j = 1, 2, 3) is objective function, # is the evolutionary generation, thatis,r=1,2,3,...,T, T
is the maximum evolution generation, and xj(’) is the #-th generation penalty cardinality.

5. Implementation of dimensional multi-objective optimization
5.1. Parameter settings

Based on the structural characteristic of 2RPU-RPS mechanism, the lower and upper boundaries of
each decision variable are included in Table I. Dimensional parameter /; and the workspace section
height Z, are supposed to be 200 and 450 mm, respectively. The end output axis O'H is located on the
moving platform, and its offset angle A should not be too large. Conversely, the base of spherical joint
S; is located below the moving platform, which can be installed with a larger offset angle A". The upper
boundary of S; joint dg .« is supposed to be 45°.

In this paper, the DE/rand/1/bin version is selected to create new individuals. Hence, the con-
trol parameters of NSDE-II mainly includes: population size Np = 100, non-dominated solutions size
N,s =40, maximum generation number 7., = 100, scaling factor F = 0.5, and crossover probability
Cr =0.85. Additionally, the search steps for length and angle variables are taken as 2 mm and 1°. The

value of ij in Eq. (34) is taken as 1, since the order of magnitude of f;(x) is small.

5.2. Multi-objective optimization results analysis

Using NSDE-II to perform multi-objective optimization of 2RPU-RPS mechanism, we obtains the
Pareto frontier (PF) presented in Figure 5 when this MOEA runs terminally. Form Figure 5(a), this
PF including 40 Pareto optimal solutions has a wide distribution, which can provide multiple alterna-
tive solutions for specific engineering design problems. However, due to the competition and coupling
between objective functions, this PF of dimensional multi-objective optimization for 2RPU-RPS mech-
anism is not a smooth surface. Therefore, Figure 6(b)~(c) further present the two-dimensional PF to
qualitatively analyze the relationship between &, ngr and orgy.

From Figure 6(b), the & of the Pareto solutions located in the lower left corner is smaller than
those of solutions in the upper right corner, and there is no optimal solution that can make & and
ngm achieve optimal situation simultaneously in the upper right corner Pareto solutions. Figure 6(c)
shows that the transmission fluctuation performance gradually weakens with the orientation capability
increasing, which demonstrates that & and o are two conflicting indices. Similarly, there is also a
competitive relationship between ngr and o according to Figure 6(d). Based on the aforementioned
analysis, since the three kinematic performance indices of 2RPU-RPS mechanism cannot achieve opti-
mal solutions simultaneously, engineering technicians need to seek a balance point from the 40 Pareto
optimal solutions based on specific application demands.

To facilitate technicians to prioritize dimensional parameters, there are 10 typical Pareto optimal
solutions being selected from Figure 5(a) and listed in Table II. The performance index Nop, obtained
by using discrete analytical method, is the cardinality of all orientation points within the GTOW, which
can be quantitatively evaluate the size of orientation workspace on the fixed section. In this table, the org
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Figure 5. The Pareto front of dimensional multi-objective optimization for 2RPU-RPS PM. (a) The
Pareto front of objective functions. (b) The Pareto front of & and ngmn. (c) The Pareto front of & and
otr1- (d) The Pareto front of ngr and org.
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Figure 6. The kinematic performance atlas for the optimized mechanism. (a) The performance atlas of
GTOW. (b) The curve distribution of LTI.
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Table I1. Typical Pareto optimal solutions obtained by NSDE-II for solving this case.

Optimized dimensional parameters Performance indices
No. L(mm) [L(mm) [,(mm) AC) A Nop  &:(°) N OtH
1 253.0398 43.1514 54.3321 —1.0095 170.5904 9684 18.8906 0.8364 0.0493
2 186.1172 58.8089 56.6928 —6.7976 163.8866 11,366 20.9219 0.8602 0.0546
3 250.0048 158.3656 188.6004 —7.5743 150.3641 13,942 23.7344 0.9123 0.0635
4 145.9336 91.1868 107.3718 —10.7524 158.2238 13,280 25.9212 0.8839 0.0604
5 173.2729 116.1866 124.2877 —8.0817 147.2696 13,636 26.8594 0.8884 0.0622
6
7
8
9
1

226.0565 159.4616 169.2112 —4.6588 130.3854 14,326 27.7969 0.9037 0.0632
102.4279 159.6818 79.5072 —11.0562 168.3859 15,004 28.5781 0.9067 0.0669
122.6484 119.7821 90.2764 —2.0574 163.4293 14,316 29.9844 0.8868 0.0656
110.7325 153.8765 84.5554  3.8691  175.1862 15,148 31.8594 0.9002 0.0675
0 88.9527 1554993 63.1121 —4.6875 174.3525 15,188 34.5156 0.8851 0.0747

corresponding to optimized dimensional parameters of the first group achieves the minimum, but the size
of GTOW is the smallest, and both & and ngry are close to the lower boundaries of constraints in Eq. (27).
For the optimization result of the third group, ngr; achieved the maximum, but orientation capability of
end effector is poor, which cannot meet working situation requiring mechanism to have good tilting
capability. Similarly, & in the Pareto solutions of the 10™ group is the best, but the fluctuation index
is close to the upper set in Eq. (27). The above three groups of Pareto solutions are all called extreme
solutions, among which there is at least one poor performance index. Thereby, such solutions are not
suitable for guiding engineering application.

The Pareto optimal solutions of 7, 8", and 9™ groups, known as the compromise solution, have good
comprehensive performance, which can be applied to guide practical engineering design. Considering
that the application fields of the optimized 2RPU-RPS mechanism should be as wide as possible, we
select the optimization result of 9" group (rounded) to further analyze the kinematic performance of
2RPU-RPS PM.

By the means of discrete analytical principle, the kinematic performance atlas corresponding to the
selected Pareto optimal solution is presented in Figure 6. Moreover, the polar coordinate search method
and bisection method are both used to obtain the boundary curves of GTOW and ROTW. Figure 6(a)
focuses on showing the workspace performance and motion/force transmissibility, and Figure 6(b) gives
the curve distribution of LTI within workspace.

In Figure 6(a), the blank area is the point set of unreachable orientation points caused by inequal-
ity constraints Eqs. (27)~(32), and these poses are also close to singular boundary. The red line is the
contour corresponding to the n.r; =[] = 0.7, and its MIC is represented by the blue dotted line. The
area enclosed by red line is the GTOW, and its MIC is the RTOW. Based on the analysis in Section 3,
the input motion/force transmissibility is good in all orientations, and the output transmission singular-
ity is unlikely to happen within GTOW. From Figure 6(a), there is no internal hole in the GTOW for
the optimized PM, which indicates that the end effector of 2RPU-RPS mechanism can move continu-
ously. Additionally, the GTOW is symmetric with polar radius ¢ = 0°(¢ = 180°), but asymmetric with
polar radius ¢ = 90°(¢ = 270°), which is also consistent with the planar symmetric structural character-
istic of the discussed mechanism and further demonstrates the reasonability of the optimization result.
From Figure 6(b), the curve of LIT is smooth, which indicates that the optimized mechanism has a good
and stable motion/force transmissibility.

For comparison, the original dimensional parameters and kinematic performance indices are included
in Table III, and the corresponding performance atlas is shown in Figure 7. From Figure 6(a) and 6(a),
the GTOW and RTOW of the optimized mechanism are significantly larger than those of the original
mechanism, and there are orientation points close to the singular boundary when LTI ranges from 0.4
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Table II1. The kinematic performance indices of original design mechanism.

Original dimensional parameters Performance indices
Lmm)  Limm) [L(mm) AC) A()  Nop £ N O 1r1
240 50 95 -7 135 9842 18.0078  0.8525  0.0564

The performance atlas of GTOW The curve distribution of LTI

Figure 7. The kinematic performance atlas for the original mechanism. (a) The performance atlas of
GTOW. (b) The curve distribution of LTI.

to 1. From Figures 6(b) and 7(b), there are holes on the boundary of the LTI curve for original mech-
anism. By comparing kinematic performance indices, it is found that the orientation capability & and
cardinality of GTOW are increased by 76% and 35%. Additionally, the GTI 7, becomes better while
the TFI has slightly decreased, which also conforms to the fact that multi-objective optimization can not
make all performance indices optimal.

Based on aforementioned analysis, the orientation capability, workspace performance, and
motion/force transmissibility of the optimized 2RPU-RPS mechanism have been significantly improved,
which proves that that the modeling method and solving algorithm of this multi-objective optimization
are correctness and effectiveness.

5.3. Computational performance evaluation of NSDE-I1

To verify the effectiveness and robustness of NSDE-II, the MOEA/D (multi-objective evolution
algorithm based on decomposition) and NSGA-II are applied to solve this ECMOP of 2RPU-RPS mech-
anism. Due to the fact that the model solved in this paper is an engineering application problem and its
true PF is unknown, the performance indices and testing functions with the known true Pareto front are
not suitable for evaluating and testing the robustness of the NSDE-II [19]. Moreover, designers are often
more interested in the distribution breadth of each Pareto solutions set X, rather than uniformity. The
wider the distribution of X, the more alternative solutions can be provided for engineering design and
application.

Based on aforementioned analysis, two indices that do not rely on the true PF are used to evaluate
the computational performance of the four MOEAs, including the normalization coverage space (NCS)
and the minimum adjacent vector angle. The former is used to evaluate the degree of mutual dominance
between two Pareto solution sets, and the latter directly reflects the distribution width the obtained X,.

To be fair, the GA and DE evolution algorithms are also integrated into MOEA/D to form MOEA/D-
GA and MOEA/D-DE, and the Deb's feasibility rule [20] is used to handle the inequality constraints
Egs. (27)~(32). Meantime, the control parameters of the four MOEAs are included in Table IV.

pas
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Table IV. Control parameters of the four MOEAs.

Parameters
algorithms Ny Ny N, 1, N F Cr T ax
NSDE-II 120 40 — — — 0.5 0.85 100
NSGA-II 120 40 — 30 20 — — 100
MOEA/D-DE 120 40 25 — — 0.5 0.85 100
MODA/D-GA 120 40 25 30 20 — — 100
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Figure 8. Pareto fronts obtained by four MOEAs. (a) Pareto front obtained by NSGA-II. (b) Pareto
front obtained by NSDE-II. (c) Pareto front obtained by MOEA/D-GA. (d) Pareto front obtained by
MOEA/D-DE.

Meantime, N, is the neighborhood size of MOEA/D, and 1 and 1, are the crossover distribution coeffi-
cient and mutation distribution coefficient, respectively. In addition, the process of MOEA/D for solving
multi-objective optimization has been detailed in Ref. [21].

Figure 8 presents the Pareto front obtained through each MOEA. The multi-objective optimization
modeling of 2RPU-RPS mechanism is an engineering application problem, whose true Pareto front
is unknown. Moreover, engineering technicians are more interested in the distribution breadth of each
Pareto solutions set X, to provide more alternative options. Based on the above analysis, two indices
that not rely on the true PF are used to evaluate the computational performance of the four MOEAs,
including the NCS and the minimum adjacent vector angle.

Due to the nonuniform dimension of three objective functions, &g, ngr and o are needed to be
normalized. Suppose P’ and P” to be Pareto solution sets, and then set the extreme values of their
objective functions to (f/ i, f; mar) @A (/' ins S e )- After normalizing each objective function, we can

min?
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Table V. The comparison results of the normalization coverage space.

Pareto solution sets NCS Pareto solution sets NCS

(XpanspE-n> XpaNsGa-n) (0.8783,0.0866) (XpansGa-ns XpaMOEA/D—GA)) (0.0522,0.7318)
(XPa(NSDE—II) > XPa(MOEA/D—GA)) (0.6606,0.4671) (XPa(NSGAfII)’ XPa(MOEA/D—DE)) (0.0593,0.8567)
(XPa(NSDE-II)a XPa(MOEA/D—DE)) (062927043 17) (XPa(MOEA/D—GA)’ XPa(MOEA/D—DE)) (07852’07621)

obtain
" .f'/ max _.f'/ min
f =i (35)
f; max f; min
f’”max _f‘”min
f‘-” — Js I , (36)
! f max _f min
where f o = max(f] oS s fimin =min [ff L f L =12, 0000 , m, and m represents the number
of objective function, that is, m = 3.
Subsequently, the NCS of P’ and P” can be formulated as:
NCSy =] [f. @7
j=1
NCSp =] [f- (38)
=1

From Egs. (35)~(38), NCSp and NCSp», ranging from O to 1, together represent mutual coverage
of two Pareto solution sets. For both, the one taking larger value has a better Pareto solutions set. On
this basis, the NCS of four Pareto solution sets are compared one by one, and the corresponding results
are listed in Table V. As can be seen from this table, the NCS of Pareto solution set X ,,nspe.ny obtained
through NSDE-II is maximum, while that of X ,nsca.ry is minimum, which indicates that the Pareto
front obtained through NSDE-II the closest to the true PF of this engineering optimization problem.

The minimum adjacent vector angle 6y is proposed in this paper to evaluate the distribution breadth
of Pareto solution set. Similarly, the three objective functions also need to be normalized, then the
normalization objective function of any individual x; in the decision space is

&)~ fm
Xy =———— 3
f]‘ ( S) ﬁ max _ﬁl min ( 9)
where f; nin = min, cq fi(x,), fimax = MaX, < fi(x,) and €2 represents the decision space.
Based on Eq. (39), the vector angle of ant two individuals x,, and x,, in the objective space can be

expressed as:
= arccos 0 (e ))Tf (x..)
o ( ") [, (x.v2)||2> (40)

where f*(x)=(f (x,), /5 (x,), - - -, f e )T

From Eq. (40), the evaluation method based on 6y, for distribution breadth of Pareto solution set can
be described as below. First, set an extreme Pareto solution to the first individual, then use Eq. (40) to
calculate all vector angles between remaining individuals and the first individual, and finally determine
the individual corresponding the minimum vector angle 6, as the second individual. Analogously, we
can obtain (N ,-1) minimum vector angles until all the individuals are sorted and the mean of all mini-
mum adjacent vector angles 6;, can be directly solved. According to the above definition, the larger 6},
the wider the distribution of Pareto solution set, that is, the better the diversity of the obtained Xp,.
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Table VI. Performance indices of four MOEAs.

MOEAs

performance indices NSDE-II NSGA-IIT MOEA/D-GA  MOEA/D-DE
N 40 40 23 27

CPU time consumption(min) 182 128 194 200

0, () 5.7051° 4.2881° 7.1996° 5.7245°

UPS limb
PU limb
. As
Fixed base\ R RUP fimb
’-Ag X " UP lim
1
The schematic diagram of UPS-RPU-PU PM The CAD model of UPS-RPU-PU mechanism

Figure 9. UPS-RPU-PU parallel mechanism. (a) The schematic diagram of UPS-RPU-PU PM. (b) The
CAD model of UPS-RPU-PU mechanism.

To quantitively compare the computational performance of the four MOEAs, the size of Pareto opti-
mal solutions, CPU time consumption, and 6}, of each algorithm are listed in Table VI. As can be seen
from this table, two MOEAs based on dominated strategy are superior to the two algorithms based on
decomposition in terms of N, and CPU time consumption, that is, the former two MOEAs can pro-
vide more alternative solutions for engineering design with less computational cost. Combined with the
results in Table V, NSGA-II is more time-saving than NSDE-II, but NSDE-II significantly outperforms
NSGA-II in NCS and the distribution breadth. In summary, the NSDE-II designed in this paper has the
optimal comprehensive performance.

Moreover, the NSDE-II is used to solve the ECMOP of the asymmetric UPS-RPU-PU mechanism
in Ref. [11] to further support the feasibility of this optimization procedure. The schematic diagram
of UPS-RPU-PU mechanism is illustrated in Figure 9. From this figure, the multi-objective functions
remain as Eq. (41), but the decision variables are changed as follows:

x/=(12,13,l4, ¢’)"7¢1’)"1)T» (41)

where ¢ and X are the structure parameters of offset output axis, and ¢; and A, are the offset angles of
normal vector of the spherical hinge base relative to the positive direction of z-axis.

Eq. (42) presents the constrained conditions of multi-objective optimization model of UPS-RPU-PU
mechanism. The corresponding parameters in inequality equation are elaborated in Ref. [11]. The con-
trol parameters of NSDE-II are the same as those in Table I'V. Clearly, the ten-group typical dimensional
multi-objective optimization results of UPS-RPU-PU mechanism are included in Table VII, and 10"
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Table VII. Typical Pareto optimal solutions obtained by NSDE-II for UPS-RPU-PU mechanism.

Decision variables Objective functions

No. Lyymm Iymm I/mm  ¢/() AC) /O MO IO e oy

0 100 80 80 60 15 125 115 38.1094 0.8727 0.0816
1 92.2945 40.6553 100.7574 2.2930 8.9025 143.8854 179.1573 30.1406 0.9296 0.0407
2 64.3833 56.3614 84.2781 355.2879 7.2516 165.2045 176.4057 35.7656 0.9051 0.0541
3 72.1571 40.8435 84.0539 1.1019 8.3465 166.7809 173.0465 36.7031 0.9007 0.0573
4  65.8964 47.3892 819402 2.6255 8.3236 229.2306 176.7096 37.9531 0.8952 0.0602
5 68.4442 63.8718 80.2934 1.5091 6.6793 167.5814 172.1376 38.7344 0.8898 0.0636
8
7
8
9
1

69.3442 547175 80.5675 6.9478 8.1459 199.4102 174.5599 39.5156 0.8844 0.0667
69.2404 61.4580 78.8292 3.6401 6.6841 164.6943 176.8930 39.9843 0.8842 0.0671
53.1285 76.3144 74.4037 357.4892 6.5064 189.7739 171.4414 41.8594 0.8721 0.0730
52.3081 57.7888 73.9148 3.2717 7.5686 184.3142 173.1571 42.9531 0.8665 0.0765
0 62.2290 56.4600 75.2669 10.7427 7.6643 183.3822 172.3299 43.1093 0.8612 0.003

Table VIII. The normalization convergence space of Pareto solutions for UPS-RPU-PU PM.

Pareto solution sets NCS Pareto solution sets NCS
(XPa(NSDE-II)’ XPa(NSGA-II)) (1 ’0~ 19) (XPa(NSGA-II) ) XPa(MOEA/DfGA)) (O 1 3370 l 1 1)

(XpansDE-1)> XPaMOEA/D—GA)) (0.846,0.054) (Xpansca-iny s XpaMOEA/D—DE)) (0.235,0.079)
(XpaNsDE-I)» XPa(MOEA/D—DE)) (0.677,0.107) (XpaMOBA/D-GA)> XPaMOEA /D—DE)) (0.284,0.707)

group represents performance indices under original design dimensional parameters:

&r > 30°

ngm = 0.7

0,<0.1

st. { Gmin <G < Guax ((=1,2) 42)
16 < Symax (1=1,2,3)

Vil < Suma (i=1,2,3)

’83,] ’ E (SS,max

As can be seen from Table VII, the performance index & in 10" group is clear to result of the single-
objective optimization in Ref. [11], which indicates that the results of multi-objective optimization are
correct and reliable. Subsequently, the aforementioned remaining three MOEAs are further used to solve
the ECMOP of UPS-RPU-PU mechanism, then the NCS and 0_{,3 of the four MOEAs are included in
Table VIII and Table IX, respectively.

In Table VIII, the NCS of Pareto solution set X ,,nspe.ny obtained through NSDE-II is also maximum,
which shows that the quality of Pareto solutions obtained by NSDE-II is the best, and the dominate
order of Pareto solution set obtained by each algorithm can be written as Xp,nspen > Xpanscan >
Xpamora/p-DE) > XpaMoEa/D—Ga)- In Table IX, the performance index 9_\//;1 of MOEA/D-GA and MOEA/D-
DE are better than those of NSGA-II and NSDE-II, but the size of non-dominated solution set N, of the
first two MOEAs are significantly smaller than the latter two MOEAs, which proves that Xp,wspem and
Xpanscan are clear to true PF of this multi-objective optimization problem. For CPU time consumption,
the computational cost of NSDE-II is lower than two MOEAs based on decomposition.

Based on above analysis, NSDE-II is superior to other three algorithms in convergence, efficiency, and
diversity. Consequently, combining the above two multi-objective optimization cases, we can concluded
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Table IX. Performance indices of four MOEAs for solving optimization model of UPS-RPU-PU

PM.

MOEAs

performance indices NSDE-II NSGA-II MOEA/D-GA MOEA/D-DE
Ny 40 40 23 27

CPU time consumption(min) 506 487 545 556

0'va () 2.5038 2.4485 8.9820 7.4772

that NSDE-II has good robustness in solving multi-objective engineering optimization problems whose
true PF is unknown.

6. Application case of optimized 2RPU-RPS PM

In fully mechanized mining, hydraulic support plays a crucial role in supporting coal mine roof and
ensuring the safety of underground technicians. Therefore, before the novel hydraulic support is put into
use, the loading test needs to be carried on its sample to verify whether the strength and durability are
qualified. The existing loading test bed can only simulate the vertical compression conditions of canopy
and base of hydraulic support and cannot conduct loading test for shield beam, tail beam, and supports
with inclined coal seam.

Due to the large orientation capability and good force transmissibility, the optimized 2RPU-RPS PM
is used as the loading device for the novel hydraulic support test bed. Figure 10 presents the virtual
prototype of the novel hybrid loading test bed of hydraulic support. From Figure 10(a), the fixed frame
composed of upper beam, columns, and bottom beam can provide a closed area for the tested support,
and the 3-DOF parallel loading device (shown in Figure 10(b)), moving along the Y axis, is installed on
the floating beam. The ZY9200/25/50/D type support (shown in Figure 10(c)) is taken as test objective
to verify the feasibility of the novel test bed based on 2RPU-RPS mechanism.

During the loading test, contract the sprag, place the tested support on the workbench and adjust the
parallel loading device to an appropriate position according to the test height of hydraulic supports
(i.e., two-thirds of maximum height). Subsequently, the deviating loading spindle on the moving
platform is driven by the three active limbs to contact the loading pad, and then the corresponding
compression condition is simulated. Figure 10 is the legend of longitudinal middle loading, and other
legends are elaborated in Ref. [22]. The loading legends of shield beam and supports with inclined coal
seam are presented in Figure 11, and their corresponding inclination angles are 20° and 25°. Combined
with the results in Section 5.2, the orientation capability of the optimized 2RPU-RPS PM can satisfy
the condition of rational loading for hydraulic supports.

Taking Q460C as the main material and determining the safe coefficient is 2, we can perform static
analysis for the novel test bed designed in this paper. The maximum loading capability of existing exter-
nal test bed is 22 MN, thus imposing this load on the novel hybrid test bed. Figures 12~14 presents the
deformation and strength of the three typical working conditions of this novel hydraulic support test bed.

From Figures 12(a)~14(a), the maximum deformation for three loading conditions are 0.9652,
1.2468, and 1.747 mm, respectively. Compared to the overall size of the designed novel test bed
(10,550 mm x 5350 mm x 9500 mm), the above deformation can be considered as mirror deformation
and does not affect the operation of this novel test bed under 22 MN external loading. Similarly, the
strength for each loading condition are shown in Figures 12(b)~14(b), and the corresponding maximum
stresses are all within the allowable range, that is, 230 MPa.

Due to the standardization and serialization of the structure and type for hydraulic supports, it can be
concluded that the bearing capability, orientation workspace, and motion/force transmissibility of the
novel test bed can meet test demands for the majority of hydraulic supports on the market, which also
indicates that the optimized 2RPU-RPS PM has good application prospect in the field of loading test
for hydraulic supports.
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(a) (b)

The structure of novel hydraulic support test-bed

Figure 10. The virtual prototype of novel hydraulic support test bed. (a) The structure of novel hydraulic
support test bed. (b) 2RPU-RPS parallel loading device. (c) ZY9200/25/50/D type hydraulic support.
1. Upper beam, 2. Closed frame, 3. Floating beam, 4. Lifting hydraulic cylinder, 5. Bottom beam,
6. Workbench, 7. ZY9200/24/50D type hydraulic support, 8. 2RPU-RPS parallel loading device, 9. The
base, 10. RPU chain, 11. RPS chain, 12. Moving platform, 13. Deviating loading spindle, 14. Loading
pad, 15. Canopy, 16. Shield beam, 17. Linkage, 18. Tail beam, 19. Column, 20. Sprag.

(a) (b)

The loading test for shield beam; The loading test for inclined hydraulic support

Figure 11. The two rational loading test of hydraulic support. (a) The loading test for shield beam.
(b) The loading test for inclined hydraulic support.

7. Conclusions

1. The 2RPU-RPS PM is taken as research object, and its multi-objective dimensional optimization
problem is solved by NSDE-II. Meanwhile, the eECMOP modeling method proposed in this
paper is also applicable to other PMs.

2. Employing the NSDE-II to solve this ECMOP, we obtain 40 sets of Pareto optimal solutions,
which can provide multiple alternative solutions for engineering design. By comparing, the
GTOW cardinality and RTOW of compromise solution are increased by 76% and 35%, and the
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Figure 12. Static analysis results of longitude middle loading for canopy. (a) Deformation cloud atlas.
(b) Strength cloud atlas.
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Figure 13. Static analysis results of loading for shield beam. (a) Deformation cloud atlas. (b) Strength
cloud atlas.
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Figure 14. Static analysis results of loading for inclined hydraulic support. (a) Deformation cloud
atlas. (b) Strength cloud atlas.
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optimized 2RPU-RPS PM has better motion/force transmissibility as well. The multi-objective
optimization results show that the proposed model and algorithm are feasible and effective.

3. The NCS and the minimum adjacent vector angles are proposed to evaluate computational

capability of NSGA-II, NSDE-II, MOEA/D-GA, and MOEA/D-DE, and the experiments
demonstrate that NSDE-II has the optimal global computational performance.

4. Based on the optimized 2RPU-RPS PM, a novel hydraulic support test bed is designed to solve

technical difficulties of existing test bed. The static analysis results proves that this mechanism
has a potential application prospect as the loading device of hydraulic supports.
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