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Dynamic Analysis and Dimensional Synthesis of
Easy-to-Protect Large-Load Robot for
Extracting Fermented Grains

Yubin Zhang, Jinzhu Zhangm, Congming Li, Xiaoyan Xiong, Hongjie Du

Abstract: To improve the operation situation of difficulty and low efficiency in the extraction of
fermented grains (FG), a high-load and large-workspace reclaiming robot for ceramic cylinder fer-
mentation is designed, and a reclaiming effector is designed according to the operating characteris-
tics. Firstly, the kinematics and singularity of the mechanism are analyzed. A multi-domain polar
coordinate search method is proposed to obtain the workspace and the volume of the mechanism.
Secondly, the dynamic modeling is completed and the example simulation is carried out. Thirdly,
the motion-force transmission index of the mechanism is established. And based on the global trans-
missibility and the good-transmission workspace, the dimensional synthesis of the driving mecha-
nism is completed by using the performance atlas-based method. Finally, aiming at the regular
workspace size, stiffness and loading capacity, the Pareto optimal solution set of the executive
mechanism dimension is obtained by using the multi-objective particle swarm optimization

(MOPSO) algorithm. This paper can provide a theoretical basis for the optimal design and control

of FG reclaiming robot.

Keywords: reclaiming robot; configuration design; performance index; dynamic modeling; multi-

objective optimization

1 Introduction

Chinese liquor has a long history and is interwo-
ven with Chinese culture. Since the advent of dis-
tillation in the Song Dynasty a thousand years
ago, the brewing process has evolved with the
progress of Chinese civilization, and gradually
developed towards refinement, diversification,

and scale. It is a typical labor-intensive process.
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In recent years, with the increase in market
demand for liquor production capacity and qual-
ity, the liquor-brewing industry increasingly had
a great demand for labor. However, due to the
characteristics of high temperature and high
humidity in the traditional brewing environment,
the liquor-brewing industry needs help with
recruitment and high labor cost. It is urgent to
introduce robots to promote technological inno-
vation in the liquor-brewing industry.
Fermentation of fermented grains (FG) is
the key to guaranteeing the quality of Chinese
liquor. In the traditional ceramic cylinder fermen-
tation process, the extraction of FG is one of the
processes with high labor intensity and consider-
able workforce input in the whole brewing pro-
cess, and the demand for robots is very urgent.
However, due to the high humidity of the fer-

mentation workshop, the narrow and long
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ceramic cylinder and the dense arrangement, are
easy to break under the impact of external forces.
It is required that the FG reclaiming robot has
the characteristics of heavy single reclaiming
load, easy protection and large workspace, which
significantly improves the design difficulty of the
robot. The motor near the end effector of a tradi-
tional series robot with a large workspace is
always the motor’s load near the frame, which
limits the maximum load capacity of the robot.
At the same time, the motor and its electrical
accessories always move relative to the frame,
which takes work to protect. Therefore, the FG
reclaiming robot cannot be realized through the
simple integration of the existing serial robots,
and it is necessary to carry out the innovative
design of its configuration.

A novel three degree-of-freedom (DOF) par-
allel driving mechanism with two translation and
one rotation is proposed and designed to reclaim
FG. The mechanism adopts redundant parallel
drive, and all the driving pairs are directly con-
nected with the frame, making the motor and its
accessories far away from the fermenters and not
moving in real-time with the manipulator, so
that the mechanism has good dynamic character-
istics and protectable characteristics [1]. The
extraction of FG from ceramic cylinders has high
requirements on the robot's stiffness, regular
workspace, and motion-force transmissibility. For
instance, high stiffness [2] can ensure the accu-
racy of the end position and pose of the reclaim-
ing robot under variable load conditions, thereby
avoiding damage to the ceramic cylinder due to
insufficient stiffness and inaccurate end pose; a
large regular workspace can ensure that a single
robot can serve more ceramic cylinders, thereby
reducing the number of robots in the fermenta-
tion workshop, saving more space for fermenta-
tion and improving the economic benefits of
liquor production; efficient motion-force transmis-
sibility can ensure the energy conversion effi-
ciency of the robot, achieve low energy consump-

tion and high effective power output, reduce the

heat dissipation of the reclaiming robot, thereby
ensuring the service life of the reclaiming robot
and reducing the impact on the fermentation
environment. However, excellent robot perfor-
mance needs to be achieved through optimiza-
tion.

Dimensional optimization is of great signifi-
cance to the performance improvement of mecha-
nism. Performance optimization includes perfor-
mance index establishment and parameter opti-
mization. Firstly, the local index is established to
evaluate the performance of the local position
and pose of the mechanism, such as condition
number [3, 4], operability index [5], and motion-
force transmissibility [6-8], which are used to
evaluate the dexterity/singularity /stiffness, load-
ing capacity /dynamic characteristics, and energy
transfer efficiency of the mechanism. Taking the
stiffness and motion-force transmissibility as an
[9, 10] and condition
number [11] of the static stiffness matrix can

example, the eigenvalue
quantitatively and qualitatively analyze the stiff-
ness of the mechanism; The input/output twist
and wrench screw can clearly identify the
motion-force transmissibility of the driving
branch. Further establish a global index to sum-
marize the global performance of the mechanism,
such as establishing corresponding high-quality
workspace [12] based on different local indexes or
calculating the integral mean of the local indexes
[7]. This paper establishes motion-force transmis-
sion index, and stiffness index, loading capacity
index based on the kinematic indexes above. To
analyze the workspace of the mechanism, a
boundary search method for multi-domain detec-
tion is designed, and a new regular workspace
volume calculation method suitable for the
workspace of the rotary body is proposed.

Then, the optimization method is selected.
Considering the working conditions, such as the
large load and large workspace of the reclaiming
mechanism and the driving performance require-
ments of efficient motion-force transmissibility,

multi-objective optimization of the reclaiming
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mechanism is required. Current multi-objective
optimization methods include: the performance
atlas method based on parameter design space
(PDS)
[15-17] based on statistics, or genetic algorithms
(GA) [18-24], differential evolutionary algori-
thms [12, 25], multi-objective particle swarm
optimization (MOPSO) algorithm [26-29] and
other intelligent algorithms, such as GA and

[13, 14], principal component analysis

PSO have been widely used in the dimensional
optimization of the parallel mechanism. With the
aid of GA, Wang et al. [30] optimized the global
motion-force transmissibility of the redundantly
actuated parallel mechanism. Du et al. [31] used
the adaptive GA to optimize the actual tracking
range area and working stroke of the solar track-
ing device, and so on [32]. However, the genetic
algorithm is based on random crossover and
mutation operations without clear guidance, and
the convergence speed could be slow. The PSO
algorithm avoids the crossover and mutation, and
has higher operation efficiency and particle orien-
tation [33]. Khemili et al. [34] compared GA with
MOPSO show that
MOPSO identify mechanism
design variables more accurately. Sun et al. [2]
used MOPSO to optimize the stiffness and mass
of the 5-DOF parallel kinematic machine, and

algorithm, the results

algorithm can

the stiffness was increased by nearly three times.
Wang et al. [28] used MOPSO to optimize six-
teen design variables based on seven perfor-
mance indexes, such as natural frequency and
workspace of 3-DOF planar nanopositioners.
MOPSO algorithm can obtain the Pareto solu-
tion set of design variables efficiently, avoiding
subjective influence as much as possible, and has
stronger selectivity.

This paper analyzes a novel 3-DOF reclaim-
ing mechanism, and the performance is opti-
mized by combining the above optimization
methods. The executor for excavating FG is
designed; the kinematics model of the reclaiming
mechanism is established, and the singularity of
the mechanism is analyzed; a polar coordinate
search method for multi-domain analysis of

reachable workspace is proposed, by which the
volume of the workspace can be obtained; the
dynamic modeling and the example simulation of
the reclaiming mechanism are carried out.
Finally, the mechanism is divided into the paral-
lel driving mechanism and the serial executive
mechanism. The motion-force transmission index,
and the index including stiffness, loading capac-
ity, and regular workspace are established. The
atlas-based method and the MOPSO algorithm
are used to complete the drive/executive mecha-
nism dimensional optimization, respectively. The
mechanism designed in this paper can be used as
a supplement to the robot with easy protection
and large load characteristics.

2 Design of the End Effector for
Extracting and Transferring FG

Underground ceramic cylinder fermentation of
FG, single cylinder storage of more than 200 kg
FG, and the compact arrangement of the fer-
menters bring much inconvenience to the extract-
ing. First, it is necessary to design an effector to
complete the extracting and transferring FG in

the fermenters. As shown in Fig. 1, a claw-

Motor-Gears A

Motor-Gears C

Mechanism for Motor-Gears B

rotary-cutting FG

Mechanism for
unloading FG

Mechanism for [
excavating FG

i

Claw, ineer barrel

Fig. 1  Structure diagram of the effector for extracting and

transferring FG
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shaped extractor with functions of rotating, dig-
ging and discharging is designed, which is suit-
able for the ceramic cylinder with 0.8 m diame-
ter and 1.2 m depth. The effector is indepen-
dently driven by three motors (motor-A, B, C)
to complete the relevant functions. The motor-A
drives the gear set-A, which is the ordinary gear
train and transmits the torque to the effector
shell, and the robot pulls the effector to cut FG
simultaneously. The motor-B drives the hollow
screw through the gear set-B, and lead screw nut
drives multiple sets of claws to carry out the sec-
ondary excavation of FG. The claw is made of
spring steel, and each unit is connected by a tor-
sion spring to have a specific bending capacity.

The claws change from stretching to bending

.. s D) -
ns” = Mixing with water”= Ste

2. Branch-1 of Drive module II

5. Executive mechanism

1.Drive module I

-
a n 'tﬁCeoling and adding li entation”
= Filling into the steamer " Fb'Distillation = The Ist of 1iquor® = Remaining to step-4®

3. Drive module III
6. Extracting grains effector

state to wrap FG. In the specified position, the
effector drives the claws to retract, the motor-C
transmits the torque to the lead screw through
the gear set-C, and the nut drives the push-rod
to unload. The effector has the characteristics of

large capacity and high integration.

3 Design and Kinematics Analysis of
the Robot

To realize the multi-cylinder extracting and dis-
charging task, a novel FG reclaiming robot with
the characteristics of protectable and large-load
should be designed. As shown in Fig. 2, the FG
reclaiming robot comprises the gantry crane, the
manipulator suspension mounted, and the end

effector mounted at the manipulator’s end.

4. Branch-2 of Drive module II
7. Gantry crane

Fig. 2 FG reclaiming robot and the liquor brewing process

As shown in Fig. 3, the manipulator with
three DOFs can realize two translation and one
rotation. The main body of the mechanism uses
three groups of parallelogram linkages. The whole
body is driven to rotate by the revolute joint R,,
which is set between the base and the frame. A

group of redundant branch chains, including

P,R,R; and P,R,R, in module II, drive the big
arm to swing. And an R,P,R, branch chain in
module III cooperates with the parallelogram
R,R,,R,R, to drive the small arm to turn.
Multiple sets of linear driving branches are
arranged on the frame, which is more conducive

to protection and reduces the impact of the fer-
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mentation environment on electrical components.
The form of parallel drive avoids the internal

load between drives.
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(1) Big arm (2) Rocker arm (3) Small arm

(4) Transferring rod (5) Boom front end1l (6) Boom front end2

(7) Rod AC (8) Rod BC (9) Frame
(10) The end (11) Swing rod
Fig. 3 Mechanism diagram of the reclaiming manipulator

Defines the rotation angle of the frame at
joint R, is 6;,. Define the rotation angle of boom
front end, rocker arm, and big arm at joint R,
are 0,, 0, 0,, respectively. And defines the rota-
tion angle of small arm at joint R, is 6. Take
counterclockwise for 6, and 6,, and clockwise for
f, and 6,. In addition, the angle between the
boom front end and the big arm is 6, the fold-
ing angle of the small arm at the hinge point of
the frame is 6,. 6; and 6, are constant. The angle
relationship of R, and R, are 0,+ 60, =60;, —0;,—
0;+ 0, =m.

Establish a coordinate system with the rota-
tion center at the base as the origin, and make
the robot body forward for the X-axis, vertical
down for the Z-axis. S, and S, are the offsets of
the rotation center of R, from the origin along
the X and Z directions, respectively.

To establish the kinematics model of the

above mechanism, define the rod coordinate

q=1[q,q,q] =1[0,,0,,0;]', and the kinematics
can be divided into anterior kinematics from the
rod coordinate q to the position of the small arm
end x = [r,y,2]", and posterior kinematics from

the drive position to the rod coordinate gq.

3.1 Anterior Kinematics

Firstly, the forward kinematics of the anterior
part is obtained by the geometric method.

= (lhey +lses — S))ey

(lieq + 1505 — S))s, (1
Sy 415, + 138

T
Y
z

In this paper, c;, s, represent cosf,, sinf,
respectively.

The speed mapping relationship from the
joint space to the operating space can be

obtained as

x=J(@)4d (2)
where
—s.(licy +lzes —Sy)  —lieysy  —lseiss
J = e (lies + 15 — S1) =118y —l3syss
0 ley lycs
(3)
Differentiate Eq. (3) to g
[ /—c,o ! 2\ 7]
( C711 0) —lieicy 0
O, 0 —l;cic
—5,0, O3 O4
H = ( O ) —1,8.¢4 0 4
0,4 0 —158,¢5
0 0
03><1 (—l184> 0
L 0 —lys5/ |

where o,=1[,cosf,+1;cos0;—S,,0,=1[,sinb, sinb,,
0, =l3sin6, sinb;,0, = —l, sinb,,0, = —l; cos b, sinb;
The acceleration mapping relationship can

be obtained from Egs. (3) (4)
x=J(q@)d+q'H(q)q (5)

Secondly, the inverse kinematics of the ante-
rior part is obtained, and the angle in the joint

space are as follows.

0, = arctan2 (y, ) (6)

- 5,)? 24,2 — 1,2 - S
6,=arccos (2= 8:) +0 = : + arctan (Z 2)
21,/ (2 = 5,)" + 042 Os

(7
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_ 2 2472 ]2 _
95=—arccos(2 Sa) + o’ Hs" — 1y +arctan (z SQ)

21/ (2 — S,)" + 042 06
(8
whererg = 0:9 + 5, (whenz #0orz,y=0),0, =
y 1

sind, + S, (wheny # 0).

The speed and acceleration of ¢ can be
obtained from Egs. (3) (4)

qg=J"(q)x (9)
Gg=J"(q)(x —q"H (q)q) (10)

3.2 Posterior Kinematics
As shown in Fig. 4, the closed-loop vector
method is used to solve the posterior kinematics,

and the dimensional parameters are defined.

Fig. 4 The closed loop diagram of the driving mechanism: (a)

drive module II; (b) drive module III

Three closed-loop vector equations can be

obtained as

Loc+Log=Lor+ Lyp D

{ Loc + LCA = LOE + LEA
LOP + LPD = LOD

where L. is the vector from O to C, L, is the
vector from C'to A, and so on.

The Euler expansion of Eq. (11) are as fol-
lows.

locej92 + lCAej(ﬂ—vn) — ZOEeJ"fr + lEAej"/2

loc€® + lope %2 = lope ™2 4 1ppe® (12D

lOPJ'ﬁo + ZPD—j/fl — loDejeg

Thus, the forward kinematics and the
inverse kinematics of the posterior part can be

obtained as

9 . R+ K’+1t,2—N,* +arct t,
= arcsin arctan—
’ 2R 1? + K, K,
Rlz + K22 + tl22 - N22 tlz
0, = arccos — arctan—

2R\t + K,)® K,

6, = arcsin R+ M+ My" — ¢y’ arctan M,

= arcsi _ My

’ 2R,vV/M,” + M,> s
(13>

and

ty=—R.c, + /N> — (K, — R,s,)°
t'y = —Ris, + /N2 — (K, — Ric,)®  (14)
ty =/ (M, — Rycs)’ + (M, — Ry5,)°

The velocity mapping relationships can be

obtained by differentiating Eq. (14) to ¢, gs:

dt

J,= — = —R,s, — Ric, tan ¢,
dg»
dt’ R

J,z = = 1C2 1% (15)
dqg, tan ¢,

g dt;, R, (M,s; — M,c,)

L= = —

dg, ts

In addition, the angle ¢,, ¢,, B, related to
the posture of the rods can be obtained as

o, = arcsin ((K; — Ry8,) /Ny)

@, = arccos (K, — R,¢c,) /N,) (16

B, = arctan (M, — R,8;)/ (Racs — M,))

The velocity and acceleration of the linear
drives can be obtained from Egs. (9) (10) and
(15)

t = Jg
{,,‘ @ (1=2,3) (17
t = Jig; + Jig:
The above velocity equations can be arran-
ged as

J M gx—J " (@U=0 (18)

where J, (q) = diag|[1, J,, Js] or diag|[l,J’,, Js], U =
[0,,t,,t5]" or [0,,t,,t,]" correspondingly.

Through the above kinematics relationship,
the singularity of the mechanism is analyzed,
which is mainly divided into three categories:
inverse solution singularity, positive solution sin-
gularity, and mixed singularity [35]. The inverse
solution singularity is the boundary singularity
that occurs when one or more branch chains of

the mechanism are in the boundary position of
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the workspace, namely, when the pair loses the
motion ability in a specific direction and J* (q)
will lose the rank. This kind of singularity can
occur in the following two cases: one is that the
mechanism is at a dead point when ¢, = 90° or
v, = 0°, and the other is the driving position of
module IIT is at the hinge point P when t, = 0;
The positive solution singularity is the phe-
nomenon of unconstrained DOF when the driven
joint is locked, and J~* (q) will lose the rank; The
mixed singularity is the mixture of the first two
det (J " (q)) = det (J; (q)) = 0.
det(J~*(q)) is always non-zero, it can be seen

when Since
that the latter two types of singularity will not

occur.

4 Establishment of the Dynamic
Model

The second kind of Lagrange equation is used to
establish the dynamic model of the manipulator
with less freedom, the Lagrange equation of a
non-conservative system is

i(gi) —gi:@, i=1,2,-m (19
where L is the Lagrange function, ¢;(j =1,
2,---,m) represent the generalized coordinates of
the mechanism, and 7,(j =1,2,---,m) represent
the generalized force.

The Lagrange function is the difference
between the total kinetic energy and the total
potential energy of the system. Substituting
L =F, — F, into Eq. (19):

d <8Ek) 0k, 0F,
- — |- + =T
dt \ 9¢; dq;  Og; ’

j=1,2,-,m (20)

Take the ith rod of the system as an exam-
ple. Its kinetic energy consists of the transla-
tional kinetic energy at the centroid and the
angular kinetic energy rotating around the cen-
troid, that is

1 1 )
E,=E,+ L, = §mz : U;ri S + 5“): S w,

Epi = _migTopci
2D

where m,, v, w, represent the mass, the transla-
tional velocity, and the angular velocity of rod-i,
respectively. “I, represents the inertia tensor in
the centroid coordinate system of rod-i. g" =
[0,0,9.81]. And v,.; can be obtained by derivation
of °p.;, which is the centroid position vector rela-
tive to the base coordinate system.

0

pci = [Opa:ci7 opycm Opzci}T

N 0 - Ci ) 3
Uci - pm . vloq . (22)
(;iJ — a pci a pci a pci

h 9¢, * 0g, "7 9q,,

Decompose the angular velocity of each rod

into the centroid coordinate system O,;-X,Y;Z..

{ w; = [sz‘awyu wzi]T = wid (23)

i = [Tai, Ty " Tz]
As shown in Fig. 5, the X, direction repre-
sents the length direction of rod-i¢, and the Z,
direction represents the direction of the joint

rotation axis of rod-i.

Rod-i

Fig. 5 Local centroid coordinate system of rod-i

In this paper, q=[q.,q.,q] = [0,0,,05]" is
selected as the generalized coordinate. From Eqgs.
(9) (16), the rotation angle at the joint of each
rod has been obtained. The angular velocity of
the #th rod includes the angular velocity around
its joint axis Z, and the angular velocity accom-
panying joint R,. Thus, the mapping relationship

between w, and ¢ can be expressed as

cos(X,, Z,,) 0 0
“J,=| cos(Y,, Z,) 0 0
8ai/a% aai/aQ2 aai/a(h
24)

where Z,, represents the rotation axis vector of
the generalized coordinate ¢;, «; represents the

rotation angle of rod-7 around its joint Z.
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Substituting Egs.(21) (22) (23) and (24)
into Eq. (20), rewrite the Lagrange equation to a

closed form.

M(q)G+C(q,4)qg+g(q) =T (25)

M (q) _ Z (miquiTqu_ + C'L'JwiTCiICiCiJwi)
N
C(q.q) = §(M+U —U)
oM
N (] .y OV
U(g,q9)=1,..®4q") 9

g(q) =-["J,.0T] JIm.g..m.g'

(26)

where n is the number of the rods in the system.
Further, the Coriolis force and centrifugal
force matrix C can be obtained, which makes
M —2C anti-symmetric and conducive to con-
structing a control structure.
qr q; g,

k=1

(i,j=1,2,3) 2D

The inertial matrix of the manipulator is

M, O 0
M = [ 0 M,, M,y ] (28)

The items in the inertia matrix are as fol-

lows.

11
M, = Z (mixciz + [Imm I::/::/i7 Izzi] .
i=1

[cos® (X, Z,,) ,co8” (Y, Z,,) ,co8® (Z,, Zq1>]T)
M, =U2my + Pmg + Emy /4 + R2 (mys +mg) +
m; (R, s, + Ricy tan , /2)* + R2m,cl/4+
ms(Rocy + Ly Rys,/ (Istan p,))+
Rimysy(ls — 1) /1 + Bmao + Ly + L+
L+ L+ L,,R:c:/ (I2cos’p,) +
LaR2s2/ (Esin‘i,)
My =1, + L, + Zmy + g + By + B+
R2 (my, 2, + L.,,) (R, — Mycs — M,s;)? /th
M,, =M,, =
(lylsmye — llymy /2 + 1,1, ;my) cos (0, — 65)

where M, (i = 1,2,3) is the inertia of the general-
ized coordinate axis, and M,;(i =1,2,3,7=1,2,3,
i # j) is the coupled inertia.

The inertial matrix is a 3 x 3 positive defi-
nite, symmetric, time-varying matrix. (The aux-
iliary connecting rod, nut and other lightweight
rods have been ignored). The inertia of the axis-
q, is related to the rotation angles of ¢, and g,
the inertia of the axis-¢, and axis-q, are related to
their respective rotation angles. The axis-g, and
axis-g, are decoupled from the axis-q,, and the
coupling inertias between the axis-¢, and axis-g,
are equal, which are bounded quantities.

The non-conservative force of the manipula-
tor includes the external load force F,, and driv-
ing force/torque 7*

T =Ty Toy T/ oy Ts) 29)
where 7,, 7,, 7./, 7, are the driving torque of drive
module [, the driving force of two branches of
drive module II, and the driving force of drive
module III, corresponding to the direction of

0., Lo, Lo, Ly, respectively. The virtual work of

the reclaiming manipulator is obtained as
5W = T*T5[917t27t/2)t3r +F‘|Zad6X (30)

Corresponding to the generalized force
T =[r, 7., 75", the virtual work of which can be

expressed as
oW = 7174q 3D
Substituting Eqgs. (2) (17) into Eq. (30)
OW = [r, Tuds + 750 5, 7505 6q + F'. J6q  (32)

From Egs. (31) (32), the following relation-

ship can be obtained as

T — JTand = DT*
1 0 0 O
33
D:lo gy J’zol (33
0 0 0 J,

For the above non-homogeneous linear equa-
tion, the coefficient matrix D € R™*", m < n, and
rank (D) = m. The matrix has numerous solu-
tions and a pseudo-inverse matrix D+ so that the
equations can obtain the minimum two-norm

solution || 77|

min

wn = D (T = I Fl)

{ 7
,1 (34)
D; = D'(DD")
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5 Workspace Analysis of the Reclai—
ming Manipulator

To get the reachable workspace of the manipula-
tor, a boundary research method for detecting
multi-domain is proposed, which is based on the
preliminary search and dichotomy refined search.
Also, it records the multiple boundaries at speci-

fied heights and polar angles. The flow is shown

Initial value of
Z=Zmim P=0s 9=0
i, j, k=1

in Fig. 6.

7=7,+AZ v
i=itl N ‘@
Y
@ N 0=0+A0
J+1
Y
p=p+Ap P,=[pcosb, psind, Z]
3 Py=[(p+Ap)cost, (p+Ap)sing, Z]

v

Inverse kinematics

Y(P)&N(P,) @ NP)&Y(P,)
Else

Piy=P) Poy
t, (k=1

=P, Py =P P,=P,

£, (k)=—1

Pr‘,/(k):Pin
k=k+1

P, satisfies

n

the constraints Pou=Priq

Fig. 6 Flow chart of solving workspace by boundary search

method

1) The search range of the robot is initially
determined in the cylindrical coordinates. The
boundary of the search radius p,. is 4000 mm,
the range of angle 6 is [0, 2z, and the range of
height Z is [1500, 5500] (mm).

2) The constraints include the driving posi-

tion constraint, singular constraint, and rod
interference constraint, where the singular con-
straint and rod interference (swing rod and big
arm) are as follows.
0, <0, <m+6; /6 <6, <71/6,
—m/4 <0, <3m/4 (35)
d=||Log — (Log - €11) €1, < 0.5T;

where L, is the vector from joint R, to the end
of the swing rod P(Q), e,, is the unit vector of the
big arm from joint R, to R, T\ is the thickness of
the big arm.

3) In addition, the volume of the workspace
can be calculated quantitatively by this algo-

rithm. The volume of the 4, jth subspace is

1 >
V=75 > (ti, (k) p,%) AG,AZ, (36)

k
V of the entire reachable
workspace can be obtained by integrating Eq.

(36): V = ZZVJ

7

The volume

Given a set of initial structural parameters,
the reachable position workspace of the manipu-
lator is shown in Fig. 7. Since the revolute joint
R, drives the whole manipulator to rotate, the
overall workspace presents the shape of a rotary
body. Within the depth of 2.7 m—5.3 m from the
origin, the horizontal working range gradually
decreases with the deepening of the arrival posi-
tion of the end of the manipulator, and the maxi-
mum radius is 3.37 m. When the working range

is close to the axis of R,, the longitudinal work-

—2 000 4000
2000

0
400074000 2 2 y ()

Fig. 7 The reachable workspace of the manipulator
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ing range gradually increases, with a full range of

3.45m. The volume of the workspace is

69.735 m?.

6 Reclaiming Path Design and
Dynamic Simulation

6.1 Reclaiming Path Design

Combined with the actual reclaiming require-

The target fermenter The scraper conveyor

S, /
A A
A A
209

(2)
Note: N; represents the ith node in the trajectory.

Fig. 8

212>
212>

1.0

In this paper, the ideal trajectory is fitted by
the method of subsection planning, and the
superposition of motion realizes the arc transla-
tion in different directions. The trajectory mainly
includes vertical extracting and horizontal trans-
ferring. The main part of the time variable of M,
in Eq.(28) includes: the term m, (S, — ., ¢,)*, etc.
that are directly related to the position of the rod
centroid, and terms (I, + I,,,) c.?, (I, + 1,,) %,
etc. which have less inertia when the rod
approaches the vertical state. Besides, as the axis
of I, is in the direction of its rod length, the rela-
tive term of which is small and can be ignored.
To avoid the excessive load on module [ caused
by excessive inertia M,,, the horizontal transfer-
ring trajectory should be closed to the axis of R,
and the lifting height should be controlled.

To ensure the smooth speed and continuous
acceleration of the trajectory, the quintic polyno-
mial is selected for the trajectory planning.

5

X)) =D elt—t), ty<t<t

i=0

(37

ments, when the crane reaches and stops in a
specific position. The robot will carry out the
reclaiming operation and then unloads on the
scraper conveyor. Assume that it needs to extract
FG from 3x3 fermenters once, and the conveyor
is arranged on both sides of the fermentation
area. For instance, take FG from the oblique tar-
get fermenter in the fermentation area to the

right conveyor, as shown in Fig. 8(a).

Interpolation point
= Fitting trajectory

3500 (Vi 35)

\

N, (59)

N, (105)

N, (6.55)

—

N, (8s)

1 5002000

1
0 s0 )
0-3 s extracting X
3-10 s transferring

(b)

Reclaiming scheme: (a) target fermenter and conveyor diagram; (b) reclaiming path

The coefficients are as follows.

1
Co = Xoy €1 = Vg, C2 = iao
1
= 273 20 (X1 —Xo) — (801 +12v,) T'— (3a0—a,) T
— L2830 (xu — xo) + (140, + 160,) T+

Cy =57 X1 — Xo U, Vo

(3a, — 2a,) T7)

1
“ :2T5 12 (X1 = Xo) = 6 (vs + o) T + (a, — a,) T

where y, v, a represent the position, the velocity,
and the acceleration, subscripts 0 and 1 illus-
trate the initial and end time, respectively. T
represents the time interval.

The reclaiming process is divided into five
segments, and the motion constraints for key
nodes are shown in Tab. 1 and Fig. 8(b), 0-3 s

extracting and 3-10 s transferring.

6.2 Dynamic Simulation
The correctness of the aforementioned dynamic
model is verified. Firstly, the theoretical solution

is obtained, and the trajectories are introduced
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Tab.1 Motion parameters of each node on the reclaiming tra-
jectory
Node i t (s) x (m) v (ms!) a (ms?)
0 0 [0, 0.9, 5] [0, 0, 0] [0,0,0]
1 3 [0, 0.9, 3.6] [0,0,0] [0,0,0]
2 5 [0.5, 0.36, 3.6] [0.3,-0.23, 0] [0.25, 0.3, 0]
3 6.5 [0.9,0.18,3.6] [0.36, -0.08, 0] [0, 0.02, 0]
4 8 [1.3,0.08, 3.6] [0.32,-0.07,0] [0.3,-0.02, 0]
5 10 (1.9, 0, 3.6] [0, 0, 0] [0,0,0]

into the inverse kinematics model through MAT-
LAB. Then, the kinetic parameters, including gq,
q and ¢ are obtained, and then the theoretical
value of driving force/torque is obtained by sub-
stituting the inverse dynamics model. Secondly,
the simulation solution is obtained by ADAMS.
Since the dynamic solution is not unique to the
redundant drive module II, branch-2 is driven by
the force of the theoretical minimum two-norm
solution, and the remaining driving pair are
driven by motion. This method can obtain a
given trajectory and a unique combination of
driving forces. The inertia of each rod required in
the dynamic model is shown in Tab. 2.

Fig. 9 and Fig. 10 show the theoretical and
simulation driving force/torque under no-load
and 200 kg load conditions, respectively. It can
be seen that the simulation results are basically
consistent with the theoretical results, which ver-

ifies the correctness of the dynamics model. And

1500
Sv of module T

1000+ —=— Tv of module I

500

0

=500

Driving torque (N-m)

—1 000 |

—1500

Time (s)
(2)

Note: Sv is the simulation value. Tv is the theoretical value.

there is a small error. The reasons for the differ-
ences include: the gap between the joint pairs,
the estimation errors of mass parameters, and the
setting errors of inertial parameters.

When the driving branch of module II acts
alone and simultaneously, the driving power and
force under no-load condition are shown in Fig. 11.
The sum of the power of two branches when they
act simultaneously, is equal to the power when
the two branches drive alone. Regarding driving
force, the peak value when working simultane-
ously is reduced by about half compared to when
acting alone. For example, the maximum driving
force of branch 1 under single diving is close to
6000 N, while that of the redundant drive is about
2000 N, significantly reducing the motor load.

Tab. 2 Inertia parameters of each rod of the reclaiming
manipulator
Serial No. Rod name Mass (kg) Inertia (kg : m2)
1 Big arm 220.0 [20.11, 215.53, 209.17]
2 Rocker arm 136.2 [1.68, 56.86, 58.00]
3 Small arm 170.1 [8.32, 166.88, 164.89]
4 Transferring rod ~ 108.7 [0.16, 74.01, 74.006]
5 Boom front endl ~ 56.5 [0.75, 5.55, 6.26]
6 Boom front end2  56.5 [0.75, 5.55, 6.26]
7 Rod AC 70.1 [0.21, 17.81, 17.97]
8 Rod BC 67.4 [0.13, 12.53, 12.61]
9 Frame 332.0  [180.60, 406.53, 256.62]
10 The end 76.1 [18.12, 16.34, 11.18]
11 Swing rod 142.6 [1.72, 53.36, 52.17]
3000 ¢ Sv of branch1-11
Tv of branch1-1I
2500 —+— Tv of branch2-1I
Sv of module I1I
g 2000 - —=— Tv of module IIT
p -
2
£ 1500
)
)
= 1000 |
a
500 F

Time (s)
(®)

Fig. 9 The theoretical calculation results and the simulation results under no-load condition: (a) driving torque of module I; (b)

driving force of module II and module IIT
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1500

Sv of module I

1000 + —=— Tv of module I

500

0

=500

Driving torque (N-m)

—1000

—1500

10
Time (s)
(a)
Fig. 10

driving force of module II and module III

500
400
300 F
200F
100} /

—=—Branchl-II (Ds)
—s—Branch2-1I (Ds)
Branchlor 2-1I (Da)

Driving power (W)
(=)

bb L
S o O
oS o O

—400 |
-500

10
Time (s)
(2)
Note: Ds is driven simultaneously. Da is driven alone.
Fig. 11

(b) driving force of module II

7 Performance Evaluation and Opti-

mization

7.1 Motion-Force Transmissibility Analysis
7.1.1 Definition of Motion-Force Transmission
Index

Motion-force transmissibility is an important
index to evaluate the energy transfer efficiency of
mechanisms. In this paper, the local transmis-
sion index (LTI) proposed by Liu X J et al.
[6, 36] is used to measure the kinematic perfor-
mance of the mechanism, which is mainly mea-
sured by the input/output transmissibility. The
input /output transmission index (ITI/OTI) are

defined as follows.

Driving force (N)

6 000 _ .
Sv of branch1-IT

3000, Tv of branch1-IT
= =— Tv of branch2-II
< 4000F Sv of module 11T
g —— Tv of module III
“= 3000}
e
.8
2
S 2 000

1000

Time (s)
(b)

The theoretical calculation results and the simulation results under 200kg load condition: (a) driving torque of module I ; (b)

Branchl-II (Ds)

6000 . Branch2-11 (Ds)
- f
5000 s, , Y - — -Branchl-Il(Da)
* _ ~t ..~ —-— Branch2-1I (Da)
4000 AN
3000
2000
1000
o
-1 000 f
—2 000 : -
0 1 2 3 4 5 6 7 8 9 10
Time (s)
(b)

Power /force comparison of module I when the driving branch acts alone and simultaneously: (a) driving power of module 1T;

. . '8, 08 } .
=min{\,} =minq —— ¢, i=1,2 ..,
" ; { } s {|1$IOI$T|max t n
(38)

. . ‘8008 } .
=min{n,} =mins —— >, 1 =1,2, ...,
o min(n) —min{ ] i
(39

where n is the number of branches, '$;, S, ‘S,
represent the ith transmission wrench screw and
its corresponding input/output twist screw,
respectively, and o represents the reciprocal prod-
uct of a wrench and a twist.

To evaluate the transmissibility of the whole
mechanism under the given posture, the local
defined (LTD: ~=

min {v,7,}. In addition, for the case of actuation

transmission index is

redundancy, one of the drives should be driven in

a follow-up state to obtain the performance index
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of the two non-redundant mechanisms «,, and the
local minimized index is defined: m = max {x,}
(i=1,2,...,m), where m is the number of ;"edun—
dant drives.
7.1.2 Identification of Motion-Force Screw Sys-
tems
As shown in Fig. 12, the mechanism is divided
into four sub-mechanisms: module I (when A is
driven alone), module II (when B is driven
alone) , module III and the parallelogram linkage
R.R,R,R, in the executive mechanism. The trans-
mission wrench screw and the input/output twist
screw of each sub-mechanism are identified,
respectively. The identification principles are as
follows.

Firstly, the constraint wrench screw system
iWe,; of the branch chain j of the sub-mechanism
1 is calculated, which is reciprocal to the permit-
ted twist screw system ‘T, of the branch chain j.
Then the driver of the branch chain is locked,
and the transmission wrench screw ’$,, of the

branch chain j is obtained, which is reciprocal to

Sub-mechanisml1, 2
Fig. 12

7.1.3 Solution of Motion-Force Transmission
Index

Substituting the screws identified in section 7.1.2
to the motion-force transmission indexes in sec-
tion 7.1.1, we can get as follows.

1) Input transmission index ITD): ~, =
lcos @1 |, Y = [sin p,|; i = 15y = [sinaf;

2) Output transmission index (OTD): ~,, =
Isin (01 +0,)]; Yoo =[sin (p2+02)]; Yo =]sin (05+5:);
Yos = |sincv;

3) Local transmission index (LTD: «, =

min (Y, Vo), &= 1,2,3,4;

the remaining twist screw and linearly indepen-
dent of {W,. Finally, the output twist screw §,,
of the corresponding transmission wrench screw
is obtained, which is reciprocal to the constraint
wrench system W, of the sub-mechanism i and
the transmission wrench screw of other branches
of the sub-mechanism 4. The identification results
are as follows.

1) For sub-mechanism 1: $, = (0;v,), $, =
(fisre X £1), 801 = (S); 0) where S, = (0,0,1) , rc is
a unit vector from O to C, and so on.

2) For sub-mechanism 2: §, = (0;v,), $,, =
(fz;re X f2), 802 = (S,;0)

3) For sub-mechanism 3: $, = (0;v;), $ =
(fasrp X f3), 80 = (S,;0)

4) For sub-mechanism 4: There are two
chains of OJK and OH, where the screw systems
of OJK are '$,=(5;0), '8 = (fi;7; X f1), *$os =
(Sy;ry x S,) the screw systems of OH are
28, = (51;0), 28 = (570 X f5), 280s = (0;v,) where
fs and v, are the unit vector along the direction

perpendicular to OH.

<+—— Rotation
< - Translation
+—— Constraint couple
«+—— Constraint force
- Transmission force
0 «— Transmission torque

Sub-mechanism3 i Sub-mechanism4

Twist/wrench screws of each unit of the reclaiming manipulator

4) Local minimized transmission index
(LMTI) of drive module II: m = max {~,,7,}.

It can be seen from the above analysis, when
v, =90° or @, =0° the first kind of singularity
will occur, and the input transmission index ITT,
as well as ITI, are zero, which indicates that the
input twist screw and the transmission wrench
index are reciprocal, that is, the transmission effi-
ciency is zero. The correctness of singularity
analysis is further verified. In addition, the trans-
mission efficiency of the driving mechanism is
directly related to the structural parameters after
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the output motion range is given. The transmis-
sion efficiency of the parallelogram linkage is
independent of the structural parameters but
only related to the angle of two adjacent rods,
namely, the closer to the right angle, the higher
the efficiency.

7.2 Optimization of the Driving Mechanism
According to the above motion-force transmis-
sion index, the dimensional parameters of the
driving mechanism are optimized. The atlas-
based method is selected. In this method, the
PDS is obtained by reducing the dimension with
parameter constraints, and then the relationship
between the performance and the dimension of
the mechanism can be expressed in a limited
area.
7.2.1 Establishment of PDS
1) Firstly, the parameters L,, of module II, L,,
of module III are determined for optimization,
where i represents the ith parameter in the sub-
mechanism. L,; (i =1,2,3) are K,,R,, N, respec-
tively, and let K, =K,, N, =N, L; (i=1,2,3)
are M,, M,, R, respectively.

2) Then define the dimensionless factor
D,=>"L,/3, Dy =5 Ls/3. And the character-
istic parameters can be obtained as

L2i .
= =1.2 40
a; D,’ { ,2,3 (400
L,, .
K3 D37 Z ) )

3) To realize motion and assembly of the
mechanism, there are three constraints for mod-
ule II and two constraints for module III: a,+
ay+a;=3,0<a,a,,a; <3, a,+az; > ay; by + b+
b, =3, 0<b,,b,,b; <3. The 3D form of the PDS
of module II can be obtained from the above
relationships, as shown in Fig. 13(a). And then
convert to the 2D plane (st plane), as shown in

Fig. 13 (b), where the convert relationship is

s:(al—i—\/gag’), t=a, (42)

Similarly, the PDS of module III is consis-
tent with the triangle ABC of the PDS in mod-
ule 1II.

Fig. 13 PDS of drive module II:(a) 3-dimensional view; (b) 2-

dimensional view

7.2.2 Determination of Performance Indexes
1) The local index A,=LMTIL, A,=LTI, are
determined.

2) The good-transmission workspace (GTW)
of 6, and 6, are obtained within [-n/2, n] and [0,
n/2], recorded as w, and w,. Set v/2/2 as the criti-
cal value to determine whether the transmissibil-
ity of drive module IIIis good. LMTI, = max
(LTI, LTL), the critical value of module II is
set to 0.8.

3) The global transmission index (GTI) of

module Il and module Il are obtained.

f A, dw,

= fwvdwi ’

i=2,3

7.2.3 Plotting of the Performance Atlas

The atlas is plotted according to the GTW and
the GTI as shown in Fig. 14, and the intersec-
tion of the optimized regions is determined in the
two kinds of atlas. Then a group of parameters is
selected from them.

Combined with the actual work conditions,
the dimensionless factor D, and D, are deter-
mined to be 1000. And then substitute them to
Egs. (40) (41) to obtain the dimensional parame-
ters, respectively. Tab. 3 shows the dimensional
parameters and performance indexes of the driv-
ing mechanism before and after optimization. For
module III, R, is selectively increased so that a
larger output is obtained under the same input
force.

For the redundant mechanism module II, as
shown in Fig. 15, the value of LMTI, after opti-

mization is close to that before optimization.
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1.5
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0.5
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151

1.0}

01 02 03 04 05 06 07 08 09
(b)

01 02 03 04 05 06 07 08 09

© (d
Fig. 14  The performance atlas of drive module II and drive module III: (a) GTW (LMTL); (b) GTI (LMTL); (¢c) GTW (LTL); (d)
GTI(LTL)
. 1.01
Tab. 3 Comparison of results before and after optimization of 0.9
the driving mechanism 0.8
. Dimensional GTW 0.7k
Drive module GTI :
parameters (mm) ) 06+
Before [720, 850, 1300] 152 0.9254 Eosl ,
Module II -
After [760, 850, 1235] 156 0.9253 04l
Before (1040, 650, 1100] 88 0.9026 03t | /[ — LTL(Optimal) |}
Module T N LTI, (original) | |
After [1169, 560, 1270] 88 0.9028 o2p 1) LTL (original) | |
o1f | 1 i
. . . \ t
However, min{LT[,,LTL,} in the range of 6, = / ' A

(-10°, 100°) is significantly improved after opti-
mization, that is, the branch with weak motion-

force transmissibility is improved.

7.3 Multi-objective Optimization of the Execu-
tive Mechanism

7.3.1 Establishment of the Performance Index

For the executive mechanism, extracting FG
mainly tests the loading capacity, positioning
accuracy, and the number of fermenters the
mechanism can reach. It is necessary to optimize
the loading capacity, stiffness, and the size of the

regular workspace. Firstly, the evaluation func-

30 60 90 120 150 180
0, ()

Comparison of LTI values of each branch in module II

O 1 - 1 1
-90 -60 -30 O
Fig. 15
before and after optimization
tion is established for each objective.
1) The loading capacity evaluation index of
the executive mechanism is established, and the

static analysis of the executive mechanism can be

obtained as
F = JTand = JTfloadeend <43)

where F is the part of the driving force used to

share the load, F,,, is the load force, e, is a unit
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vector of the terminal load direction in operating
space.

It is known that the generalized force ellip-
soid of joint space FTF =1, the operable ellip-
soid of the operating space force can be obtained

as

andTJJTand = ]- (44)

From Eqgs.(43) (44),  fou=1//det(JJ7),
which indicates that the larger f..., the better the
load capacity of the mechanism. The global eval-
uation function of loading capacity of the execu-

tive mechanism is defined.

Fi(v)= 1/ (}etd(M{JT)dW (45)

where W is the reachable workspace of the
manipulator (in the plane), v is the design vari-
able of the executive mechanism.

2) The stiffness evaluation index of the exec-
utive mechanism is established. Firstly, equate
the drive system to a spring system, and the
stiffness of the mechanism at the composite joint
R, is considered.

oT = Kdq (46>

where dq = 6[0,,0;]" represents the deformation of
the joint, K = diag[k,,k,]" is the joint stiffness
matrix.

Combining Eq.(2), the relationship &7 =
JWOF = KJ'x can be obtained. Let k=k=1,
the stiffness of each joint can be normalized and
treated as equivalent, and it can be obtained as

{ O0F = Déx

D (g g7 47

where D is the stiffness matrix of the executive
mechanism, based on the KSI (kinematic stiff-
ness index) in [9] kp = 0. (D)/0w (D), the
global stiffness function of the executive mecha-
nism is established as

[ 1/kpdW

raw (48)

F, ()

3) The index of the regular workspace vol-
ume of the manipulator is established. As shown
in Fig. 16, The Z, X direction is parallel to the

axis and the edge of the ceramic cylinder, respec-
tively. The maximum envelope rectangle is
extracted inside the working area W in the X0OZ
plane, and the left and upper boundaries of the
workspace are concave. The coordinates z,,z, of
the limit position can be obtained, and the two
adjacent edges of the rectangle can be obtained.
The discrete point data on the lower and right
edges of the rectangle are fitted into polynomial
functions F,,. (2), Fuwe (2). Substituting z,, z,, we
can get z,,x,, which is the constraint range of the
envelope rectangle. The discrete points (z,,z;) on
the right boundary are extracted to form several
envelope rectangles with (z,,z2,), (z,,2;) as ver-

tices, where =, < z,, 2z, < z..
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Fig. 16 The method of calculating the maximum envelope

rectangle in the workspace

The maximum cylindrical volume with an
envelope rectangle as the rotary section is taken

as the volume index of a regular workspace
Fy (y).

Fy () = mmax ((z

i

— ) (2, — zb)) (49

To avoid cavities of the reachable
workspace, we add the driving part’s parameter
S, with an increment of A S,, S, =5+ A S,, and

A Sy = Gow (05). Where

g(05) =1,¢c080,  + l5cos0; — S 50)
7.3.2 Optimization of Dimensional Parameters
In this paper, PSO algorithm [37] is used to opti-
mize the single target first, and the maximum

F, . (7) and minimum F,,, (7) of each index can
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be obtained. The following transformations are
performed on each objective function to com-

plete normalization.

/ _ F, (’7) — F i (’7)
F)=-5— (7) = Frma (7)

The position and velocity of the particles is

L i=1,2,3 (51

updated iteratively by searching for a smaller fit-
ness in a D-dimensional search space. The itera-
tive formulas of particle position and velocity are

given as follows.

k41 _ k k k k k
Vyy = WU, +an (pid,pbesl - xid) + Co1y (pd,gbesl - xid)
(52)
it =kt + 2k, (53)

where 4, k, d are the order number of particles,
the number of iterations, and the dimension of
particles. c,,c, are the learning factor and r,,r,
are random numbers.

The non-inferior solution set is obtained to
achieve multi-objective optimization with PSO
algorithm. The particles of the solution set are
not dominated by any other particles in the pop-
ulation, and a set of parameters can be selected
according to the situation. The method skips set-
ting weights to reduce the impact of subjective
factors.

The parameters of MOPSO algorithm are
set, the particle swarm size is 30, the maximum
number of iterations k,, is 100 times. The range
of fitness F)' (v) is [-1, 0]. Both ¢, and ¢, are set
to 1.5, the dynamic inertia weight w changes
with the number of iterations, and its range is
[0.2, 0.8].

k

W= Wy — (Winax — W) — (54)

‘max

We choose the design variables, include the
length of the big arm [,, the length of the front
end of the small arm [,, and the folding angle of
the rocker arm #,. The optimization objective
and the constraints are as follows.

min F/(y),i=1,2,3

S't' ,Ymin S ,Y = [l1? l37 97] S ’ymax (55)
I, +1;<50m

where v, = [2.2 m, 2.2 m, 3n/4], Yo = [2.6 m,
2.6 m, x|

The optimized parameters aforementioned of
the driving mechanism are substituted. The opti-
mal points in the Pareto frontier and the surface

generated by fitting are shown in Fig. 17.

or -
. Fitting surface
g -02f % « Pareto frontier
& -
= -04r L
= ooty
rfl*, -0.6 \\..‘:. o 5 \:
faak oo s
S 08¢ Fa gt
5 .

Fig. 17 Pareto optimal frontier of global loading capacity,

global stiffness, and workspace

The lower part of the surface is the unreach-
able solution, and the upper part is the domi-
nated solution. The main reason for the competi-
tion between F," and F; is that the larger
workspace, the larger arm length required, and
the increased load generated will reduce the load-
ing capacity. Therefore, the Pareto frontier can-
not get the situation that the global loading
capacity and workspace volume are simultane-
ously optimal. Regarding stiffness, the distribu-
tion of the Pareto frontier is denser and more
selectable when the performance is better. When
the stiffness is worse, the other two indexes are
medium level.

Since the solutions on the Pareto set are all
non-dominated, it is difficult to compare the
advantages and disadvantages. The ideal point
method is adopted in this paper. Firstly, the
optimal value of each objective function is found,
which is F/

" =min (F’; (y7)), where 4* repre-
sents the design VJariables corresponding to the
jth Pareto frontier point. After that, the virtual
ideal point F, = [F”;..] is constructed. And then,
the distance from each Pareto point [/ =
[Fi'(77)] to the virtual ideal point can be

expressed as
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dj (’yjp) = HEdeal (56)

The Pareto frontier points are arranged from

- Fl

2

small to large according to the distance from the
ideal point, and 9 groups of optimization points
are selected evenly as shown in Tab. 4. In this
solution set, as [, I the

increase, regular

workspace is increased and the load-carrying
capacity is weakened; The proximity of [ and [,
enhances the stiffness and is also affected by the
rod length. The optimal 6, is about 150°. Finally,
the point closest to the virtual ideal point is
found as the optimal solution of the comprehen-

sive performance.

Tab. 4 The parameters and objective function values before optimization and which of the partial Pareto optimal solution set
Case Serial No. l1(mm) l3(mm) 07(°) Py’ P’ Fy' d;
Before optimization 0 2400 2200 180 -0.675 -0.164 -0.531 0.981
1 2350 2247 147 -0.720 -0.760 -0.571 0.559
2 2245 2218 154 -0.762 -0.887 -0.450 0.607
3 2400 2335 147 -0.483 -0.783 -0.718 0.642
4 2310 2339 154 -0.501 -0.914 -0.579 0.677
After optimization 5 2466 2268 149 -0.481 -0.566 -0.753 0.720
6 2504 2330 149 -0.355 -0.634 -0.837 0.772
7 2504 2389 150 -0.267 -0.770 -0.870 0.804
8 2558 2394 151 -0.194 -0.705 -0.932 0.885
9 2600 2311 150 0.272 0.399 0.934 0.950

7.4 Performance Comparison before and after
Optimization

The 1st set of design parameters in Tab. 4 (I, = 2350

mm, ,, = 2250 mm, 6, = 147°) is selected and

round 6, to 150°. Under this condition, the
dimensional parameters before and after the

overall optimization of the mechanism is listed in
Tab. 5.

Tab. 5 Dimensional parameters comparison before and after optimization
Parameter Iy (mm) I3 (mm) S1 (mm) b (°) b7 (°)
Before optimization 2400 2200 320 150 180
After optimization 2350 2250 540 150 150
Parameter K; (mm) Ry (mm) N1 (mm) M, (mm) M3 (mm) Ry (mm)
Before optimization 720 850 1300 1040 650 1100
After optimization 760 850 1235 1169 560 1270
The performance comparison is as follows. 6000 -
The dynamic simulation of the optimized mecha- 5000 b/
nism is carried out to evaluate its loading capac- I
. . . . ~ 4000
ity. As shown in Fig. 18, The dynamic character- Z W
8 I S
istics of the mechanism have been slightly 5 3000 // N\
. . . s i— Branchl-II (OR) ™
improved. As 6, mainly changes in the range of ,é”zooo I /;/ “— Branch2-II (OR) \
o a0l . . . = B <~ Module TIT (OR) \
[30°, 60°] in the planed trajectory, and combined S 10007 Branch1-11 (OP) 5\
with Fig. 15, the optimization effect of module II ol —— Branch2-II (OP) A
. e —— Module I1I (OP) A
is not significant. '
0T s 4 5 6 7 8 9 10
In addition, the stiffness change of the mech- Time (5)

anism is obvious, and the stiffness performance
distributed in the workspace is shown in Fig. 19.

Both from the KSI and the minimum singular

Note: OR is original, OP is optimized.
Fig. 18 Comparison of the driving force required by the mech-

anism before and after optimization under 200 kg load
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The stiffness values distribution: (a) KSI value before optimization; (b) the minimum eigenvalue of stiffness matrix before

optimization; (c) KSI value after optimization; (d) the minimum eigenvalue of stiffness matrix after optimization

value of the stiffness matrix, it is proved that the
stiffness increases significantly after optimization.
The KSI indicates can qualitatively indicate the
ill-conditioning of the stiffness matrix and the
isotropic stiffness. The minimum eigenvalue
quantitatively reflects the minimum stiffness of
the mechanism in different directions. In the local
performance, the joint angle with better stiffness
is at 6, — 0; = /2. In the global performance, the
stiffness of the area on the left side of the axis of
joint R, is not considered, and the main cause for
the stiffness improvement is the adjustment of 6,
which makes the high stiffness workspace more
effectively utilized. And the stiffness is also
affected by the adjustment of [, and [..

The volume of the reachable workspace can
reach 64.906 m?® after optimization, and the fer-

menters with annex 4x4 can be used for reclaim-

ing as shown in Fig. 20. The task space is a
cylinder with a bottom radius of 2.5 m and a
height of 1.9 m, and the space utilization rate is
57.48%. The volume of the reachable workspace
obtained from the original design parameters (I, =
2400 mm, ,, = 2200 mm, 6, = 180°) is 69.735 m?,
and only the fermenters with annex 3x3 can be
used for the reclaiming operation, the task space
of which is a cylinder with a bottom radius of
1.9 m and a height of 1.9 m, and the space uti-
lization rate is 30.90%. Therefore, after optimiza-
tion, the total amount of FG covered and the
space utilization rate were improved to 77% and
26.58%,

moves to a specific position with the crane, the

respectively. After the manipulator
optimized mechanism can extract more FG, and
the number of round trips of the crane and the

occupancy rate of the conveyor in the fermenta-
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tion plant was reduced. At the same time, the
position of the reclaiming execution point is
closer to the frame in the vertical direction,
which reduces the demand for the plant height.
In general, a small change in [, and I,, the load-

o
3000 4000

0
0 ~2000
) 4000 —4 000 § (o)

(a)
Fig. 20

8 Conclusions

1) A novel 3-DOF parallel driving mechanism
with two translation and one rotation was pro-
posed. The driving branches of the mechanism
are arranged on the frame, which is beneficial to
protection and makes the inertia smaller during
movement. The reclaiming effector for FG was
designed to realize excavating, storing, and dis-
charging.

2) The kinematics and the singularity of the
mechanism were analyzed. A novel algorithm was
proposed to calculate the reachable workspace
and its corresponding volume.

3) The dynamic model was established, and
the simulation was carried out based on the
reclaiming example. The correctness of theoreti-
cal solution of the dynamics was verified, and the
peak value of driving force decreased obviously
under redundant driving.

4) Through the atlas-based method, the
motion-force transmissibility of the driving mech-
anism was optimized and the mapping of GTW
and GTI to dimension was revealed. Further, the
indexes including regular workspace volume,
global stiffness and global loading capacity of the
established. The

executive mechanism were

ing capacity has been slightly optimized, and the
change of the 6, has a great influence on the
working space, which improves the utilization
rate of high stiffness workspace and significantly

improves the extraction efficiency of FG.

=
4
2 000 000

0
2 OOOX = o)

(b)

The reachable workspace and the task workspace: (a) before optimization; (b) after optimization

Pareto solution set of the executive mechanism
dimension-performance was obtained by MOPSO
After

workspace volume, stiffness and loading capacity

algorithm. optimization, the regular

were improved. The efficiency of the reclaiming
robot was improved obviously, and the demand
for the size and height of the fermentation plant
was reduced. In the subsequent prototype fabri-
cation, the performance related to cross-section
and quality parameters needs to be further opti-

mized.
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