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Abstract
In order to meet the polishing requirement of faucets and other products, a novel multi-station
rotary polishing robot is designed, which is a PPPR + RR type of degree of freedom ( DOF) distribu-
tion structure, and is similar to dual-arm robot. Forward and inverse kinematic analysis is carried

out by robot modeling. In order to make this robot structure more compact, first of all, X, Y and Z

three moving degrees of freedom (DOF) limit stroke polishing need is calculated by using an artifi-

cial fish swarm algorithm, which analyzes dexterous workspace of this robot. Then, on the basis of

the above analysis, the three DOF stroke is optimized. Simulation and polishing experimental results

verify that this polishing robot with optimized stroke parameters can meet the polishing needs of fau-

cets and other bathroom pieces.

Key words; multi-station rotary table polishing robot, dexterous workspace analysis, stroke op-

timization, dual-arm robot, artificial fish swarm algorithm ( AFSA)

0 Introduction

Polishing is one of the most important finishing
process forms for many products. But there are some
problems in the polishing process such as bad working
environment, easiness to produce dust and explosion
risk. With the development of industrial automation, it
is more and more difficult to meet the needs of produc-
tion by using the traditional polishing form with manual
or traditional machine tools. Therefore, it is necessary
to design a polishing machine that can meet the needs
of modern production. Nowadays robot is applied more
and more widely including robot welding, robot han-
dling, etc. Because of its high flexibility and large
working space, and other remarkable advantages, robot
machining has attracted more attentions and researches
in the field of traditional machine tool processing. At
present, robots have been applied in the fields of
grinding, polishing and milling. Many scholars at
home and abroad have done a lot of researches on robot
machining '*. Specific to polishing processing, uni-
versal series robot is used to handle workpiece to finish
polishing currently on the market. But this single-piece

production is inefficient. In order to improve the effi-
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ciency, a multi-station polishing machine that can pol-
ish some workpieces at same time is developed.
Zhang"**®) analyzed and studied layout optimization,
flexible workspace analysis, force control and other as-
pects of this multi-station simultaneous polishing robot.
Although this type of polishing robot improved efficien-
cy, completing workpiece polishing requires several
times installing, which reduced efficiency and in-
creased machining error. At the same time, the consis-
tency of the processing quality is not good enough. In
order to solve these problems, a novel rotary table
multi-station polishing robot is designed. To make the
robot structure compact as much as possible while
meeting the requirement of polishing workspace and
dexterous workspace, it is necessary to optimize the
structure of this polishing robot. For the robot structure
design and parameter optimization, Many studies'’"""
such as genetic algorithm (GA) , particle swarm algo-
rithm (PSA), neural network (NN) and other intelli-
gent algorithms have been mostly applied to optimize
robot. The polishing robot designed is similar to the
dual arm robot. There are also many research results
on the optimization of the parameters of the robot and
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the layout of the dual arm robot'"™*). Among many in-

telligent optimization algorithms, the artificial fish
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swarm algorithm has the advantages of global optimiza-
tion, and has been widely studied and applied in re-

cent years 1420

. The artificial fish swarm algorithm is
used to optimize the stroke of the polishing robot. The
rest of the paper is organized as follows. Section 1 in-
troduces the structure of the polishing robot. Section 2
analyze the kinematics of this robot. In Section 3, re-
quired limit stroke of various DOF of the polishing ro-
bot is analyzed by AFSA and the stroke is optimized
based on dexterous workspace analysis. In Section 4
the machining experience confirms that the optimized
stroke can meet the requirements of polishing, and at

the end a summary of the research work is presented.
1 Structure of polishing robot

For bathroom parts such as faucets (Fig. 1), it
has the characteristics of large batch and high appear-
ance requirements. In order to improve the efficiency
of faucets polishing and reduce the times of installing,
a novel multi-station rotary table faucet polishing robot
system is designed as shown in Fig. 2.

Fig.1 The faucet to be polished processing

Fig.2 The multi-station rotary table faucet polishing robot

As shown in Fig. 2, the center of the polishing ro-
bot is equipped with 4 tap mounting stations, 3 work
stations among which 4 mounting stations are used to
produce, and the remaining stations are the loading
and unloading stations.

Three polishing robots are arranged outside the rota-
ry table, which can be used to polish at the same time.
The faucet polishing robot with this structure carries out

polishing production in accordance with the following
steps.

1) The faucet to be polished is mounted at the
loading station.

2) The rough polishing robot corresponding to the
faucet mounting station performs rough polishing of the
faucet.

3) After the rough polishing, the rotary table ro-
tates 90°, the faucet will be aimed at intermediate pol-
ishing robot station and to be polished intermediatly.

4 ) After that, the rotary table rotates 90°, the fau-
cet after intermediate polishing will be aimed at finish-
ing polishing robot station and to be finishing polished.

5) The rotary table rotates 90° and this faucet is
polished fine. Remove it and mount another faucet to
be continously processed.

The machining process is shown in Fig. 3.

robot

Fig.3 The faucet polishing process

The DOF distribution of the polishing robot is
shown in Fig. 4.

Fig.4 The polishing robot DOF distribution

It can be seen that the DOF of the robot is distrib-
uted to two parts; the fixture on the middle rotary table
has two rotation DOF of B and C; the surrounding pol-
ishing robot has four DOF of X, Y, Z and A. This PP-
PR + RR type DOF distribution is helpful to improve
the working space of the polishing robot.

2 Kinematic analysis
2.1 Forward kinematics

The coordinate system of the polishing robot is es-
tablished as shown in Fig. 5.
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Fig.5 The coordinate system

In Fig.5, the fixture {0} coordinate system D-H
parameter is shown in Table 1.

Tablel Fixture { O} coordinate system D-H
DOF a;_, oy d, 0,
0 R 0 0 0
1 0 90° d, =210 0,
2 0 0 d, 90° + 6,

According to the D-H parameters of the fixture co-
ordinate system, the conversion matrix of the fixture
coordinate system is shown in Eq. (1).

—cic;, —c5, s R+dys
- c,s -88, —c -d,c
T02 — TOITIZ — 291 1°2 1 2+1
C, -5, 0 d,
0 0 0 1

(1)
If the workpiece coordinate system is { W}, then
{ W} relative to the { O} coordinate system is
T,, =T,T, (2)
According to the Z-Y-Z Euler angle theorem, the
workpiece coordinate system { W} relative to {2} coor-
dinate system can be described as Eq. (3).

r,, =
cacfecy — sasy
sacfBey + casy

- casBsy — sacy coasfB p,
cacy - sacBsy  sasB p,

- sBey sBsy B p,
0 0 0 1
(3)

Eq. (4) is available from Eq. (1) to Eq. (3) as
below.

=
S
Q
~

n. o a, P
T = Y ¥ ¥ ¥ 4
oW nz OZ az PZ ( )
0o o0 o0 1
In Eq. (4),

n, = ¢ c,(sasy — cacBey)
- ¢,5,(casy + cBeysa) — cysBs,
n, = cs (sasy — cacBey)
- 5,5, (casy + ¢Beysa) + cysBe,
n, = s,(casy + ¢Beysa) — ¢, (sasy — cacBey)
0, = c,c,(sacy + casBsy)
—¢,5, (cacy — cBsysa) + sysBs,
0, = ¢, (cysa + casBsy)

- 518, (cacy — ¢Bsasy) — sBc,sy

0, = s,(cacy — cBsasy) — ¢, (cysa + casBsy)
a, = ¢Bs, — casBc,c, — sasfc,s,

a, = - cBe; — casPs,s; — sasPs;s,

S}
1l

n

casBe, + sasPs,

P, =R +sidy +p.s; = p.cic; = p,cis,
P), ==cdy, = p,c; = P,Cy8, — PSS, (5)
Pz = dl +p102 +p)'32

In this paper, s; is sinf,, ¢, is the abbreviation of
cosf;, and sa, sB, sy represent sine, sinB and siny,
respectively. ca, ¢B, cy represent cosa, cosB and
cosy, respectively.

The D-H parameters of the tool coordinate system

{0} in Fig.5 are shown in Table 2.

Table 2 Tool coordinate system {0’} D-H

DOF a,, a d, 0,
0’ 0 0 0
3 0 90 X 90
4 0 -90° Y -90°
5 0 -90° Z -90°
6 0 90° d, =685 6, -90°

According to the parameters of the tool coordinate
system, the transformation matrix of the tool coordinate
system is obtained as Eq. (6).

Cs — 83 0 4
-5 - C 0 -Y
T, =T,T,T,T. = ’ ’
0'6 0383445 L 56 0 0 -1 X -d,
0 0 0 !
(6)

The polishing wheel which is processing tool is
mounted on the polishing shaft on the sixth DOF of the
robot.

The radius of the polishing wheel is r (150 -
300mm) and its width b is 150mm. The points on the
outer circle of the polishing wheel are the processing
points of the tool. The coordinates of the outer circle
points of the polishing wheel are shown in Fig. 6.
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Fig.6 The polishing wheel model

The rotation axis of the polishing wheel is Y direc-
tion of the sixth DOF. Therefore, the following Eq. (7)
coordinate system is established for the outer surface of
the polishing wheel.

x = rcosf,

(150 <r=<300) (0<b<150)

z = rsinf,
y =b
(7)
The outer circle surface point P of the polishing
wheel is in the tool coordinate system as follows

Eq. (8).

e —s3 0 Z — bsy + resey
—-s3 —c¢; 0 =Y —bey —reys,
Ty, =
0 0 -1 X —db6 —rs,
0 0 0 1
(8)

Since the X and Z axes of the O’ coordinate sys-
tem are just exchanged with the O coordinate system,
and the O coordinate system is in the middle, the O’
coordinate system is outside, furthermore the X and Z
axes of the two coordinate systems have AX and AZ off-
set. So the polishing wheel relative to the fixture coor-
dinate system is shown in the following Eq. (9).

s -s; 0 X —d6 —rs, + AX
-s; —¢; O =Y = bey —reys,

T, = ‘ \ ) )
0 0 -1 Z - bs; +reseq + AZ
0 0 0 1

(9)

2.2 Inverse kinematics
The polishing points of the workpiece surface are
coincided with the working point of the tool coordinate
system as
Ty =Ty (10)
Solving this Equation, Eq. (11) is got.

cysa + casf3sy
tgh, =
cacy — cBsasy
casBe, + sasfs,

t =
g0, B
c,c, (sacy + casBsy)
tgh; =
c,8, (cysa + casBsy)
;
s. =
’ 1+
c. = =%

1 .
) + =1,2.3
i /ﬁ +](l ,2,3)

X =R +s,d, +p.s;, —p,cic, +d6 +rs, — AX
— P15,

Y =cd, +p.c; +p.c,s, +p,s;s, —bey —reysy

N
|

=d, +p,c, +p,s; + bsy — resey — AZ

(11)
3 Optimization of various moving DOF

3.1 Analysis on the required limit stroke of vari-

ous DOF of the polishing robot

According to the analysis of previous kinematics
and inverse kinematics, dimensions of the workpiece
such as faucets and other bathroom parts are extended
to: p, [ - 200mm, 200mm ], P, [ - 200mm,
200mm], p, [ —200mm, 200mm ]. The range of the
workpiece attitude parameters o, 8, y is: [0, 2w ],
and the range of 4, is [0.5, 1.57]. The radius of
the polishing wheel r is: [ 150mm, 300mm |, the
thickness of the polishing wheel b is:
150mm |.

According to these processing conditions, the re-

[ Omm,

quired limit maximum stroke of polishing robot is ana-
lyzed to optimize the structure of polishing robot. Con-
sidering that three moving DOF of X, Y and Z is the
major determinants that influent the structure compact-
ness of the polishing robot, therefore, the limit stroke
of these three DOF is analyzed in the following. Ac-
cording to Eq. (11), solving the limit value of X, Y,
Z can be considered as an optimization problem.

There are many parameter optimization methods,
such as genetic algorithm (GA), particle swarm opti-
mization ( PSO ), immune optimization algorithm
(IOA ), simulated annealing algorithm ( SAA), ant
colony algorithm ( ACA ), neural network algorithm
(NNA) and so on. The artificial fish swarm algorithm
( AFSA) is used to optimize this project. The optimiza-
tion method is that the maximum and minimum values
of X, Y, Z are calculated, when the workpiece desig-
nated machining point is machined by applying the fish
swarm algorithm, according to Eq. (11) , respectively.
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The flow of fish swarm algorithm is shown in Fig. 7.
Begin

Set parameters

Initialize the fish

| Obtain the optimal solution End

Fig.7 The optimization of solving extreme value flow by
artificial fish swarm algorithm

The parameters of artificial fish swarm algorithm
are set as Table 3.

Table 3 Parameters of artificial fish swarm algorithm

item meaning value
fishnum Seed number of fish sworm 1000
MAXGEN Number of iterations 500
try _ times Maximum foraging attempt time 500
visual The perceived distance of artificial fish 1
Step Moving step of artificial fish 0.1
) Crowded degree 0.618

Nine fish value range of this project has been
mentioned above, the solution process of X, Y, Z max-
imum and minimum value is roughly the same, the de-
tailed solution process of the X DOF stroke limit value
is given below.

3.1.1 X maximum value solving process by artificial
fish swarm algorithm

1) Parameters setting and initialization

Set parameters as Table 3, initialize the fish: «,
B,vy, 0,, P, P, P_,rand b. Each fish range is
shown in Table 4.

1000 groups of fish fry were randomly initialized
within the range of Table 4.

2) Evaluation function value calculation

Calculate the value of 1000 sets of fish fry evalua-

tion function value.

Table 4 Fish value range

fish Minimum value Maximum value
a -2 2

B -2 21

y -2 2

0, 0.5m 1.5m
P, -200 200
P, -200 200

P, -200 200

r 150 300

b 0 150

Evaluation function is
Sfo(a.B,y,p.s pys .04, T, b)
=R +5,d, +p.s; —p.cic, —p,e;s, +dg +r15, —AX
Artificial fish swarm algorithm mainly includes
foraging behavior, clustering behavior, AF-Follow be-
havior and random behavior.
3) Foraging behavior
Foraging behavior is the process of selecting the
next state within the perceptual range, which is shown

in Fig. 8.
Xii-o

X;=X,+rand()visual
n=n+1

X,

_xi " =X
Xiw' = Xi+trand()sstep: ||X,- 3

Xijpexi=Xi+rand() « step

Fig.8 The foraging behavior process

4) Clustering behavior

The clustering behavior process is shown in Fig. 9.

Get the number (nf) of partners that dij<visual and their central
location(Xc)

N
% X; foraging behavior

Y

X =
X, =X+ o o ——— 1
ijne = X FTANA()e5tED XX

Fig.9 The clustering behavior process
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5) AF-Follow behavior After the above calculation of several algorithms,
The AF-Follow behavior process is shown in Fig. 10. the change process of the four angle values of | 8. y

and 6, when solving the X maximum using artificial fish

¥ swarm algorithm is shown in Fig. 11.
: '
Get the number of partners nfthat dg.<visual and the food)(;. which ); is the largest ar
k=)
8
N 2 e
X, foraging behavior % : |
o |
| 1| | 1
Y - —J
-
— i) o 1 T |
X=X, +rand() -siep-M 2 -2 LJ| 1
- lx-x1 < P
i
Fig.10 The AF-Follow behavior process e |
i
td
6) Random behavior . . ) ) . ‘ ‘

The realization of random behavior is relatively 0 50 100 150 200 250 300 350 400 450 500

. . .. iterations time
simple, that is, choose a random state of vision, and

then move to the state in this direction. Fig.11 The angle variable change during X maximum
In fact, it is the default behavior of foraging be-
havior, which X;’ s next position is X

X

where , ris the random number in[ —1,1] interval and

iteration process

) il next The workpiece machining points (P,, P, , P.)
= X, +r - visual ' o

il next

change process during the maximum X iteration process
using artificial fish swarm algorithm is shown in

Fig. 12.

visual is perception distance.

The workpiece machining points (P, P, P,) change process
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Fig. 12 The workpiece machining points (P,, P,, P,) change process during the maximum X iteration process

The polish wheel parameters r and b change Fig. 14.
process during the maximum X iteration process using The values of each variable when the X stroke is
artificial fish swarm algorithm is shown in Fig. 13. maximum are shown in Table 5.

The maximum X iteration process is shown in
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Fig.13 The r, b change process during maximum X iteration process
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Fig.14 The maximum X iteration process

Table 5 Each variable when X stroke is maximum

Item Value
a (rad) 2.87663
B (rad) 4.27629
v (rad) -2.87778
¢ (rad) 1.57344
P, (mm) -171.81685
P, (mm) 108. 07202
P, (mm) 199. 50494
r (mm) 296. 66830
b 30.47379
max 948. 68947

3.1.2 Various moving DOF limit stroke process result
X, Yand Z limit stroke is calculated by artificial
fish swarm algorithm respectively, the optimization re-

sult is shown in Table 6.

400

450

500

Table 6 The stroke limit value of each DOF

Item Value( mm)
X 9438. 68947
Xoin -469.21635
Y. 700. 03744
Yo -694. 57027
7z 1246. 40379
Z in 75. 04385

3.2 Dexterous polishing workspace analysis
If the robot parameters d, , d,, ds, R, r, b, 0,,

AX, AZ and the workpiece parameters a, 8, vy, p,,
p,, p. are known, then the Eq. (12) about the robot
unknown variables X, Y, Z, 62, 63 can be got accord-

ing to Eq. (11).
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6, =f(d,,d,,ds,R,r,0,,AX,AZ, p,, Py P:50, Bsy)
6, = f,(d, d,,dg ,R,r,0,,AX,AZ, p,, Pys P50, Bsy)
6, = fi(d,,d,,ds,R,r,0,,AX,AZ, p,, Py P:»Q, Bsy)
X = fi(d,,dy,dg ,R,r,0,,AX,AZ, p,, p,, p.,a, B,Y)
Y = f(d,,dy,ds ,R,r,0, AX,AZ, p., p,, p.,a, B,Y)
Z = [fs(d, ,d,,d¢,R,r,0,,AX,AZ, p,, p,, p.,ct, B,y)
(12)

The size of the workpiece to be polished in the
range of (400mm x400mm x400mm) , in order to an-
alyze the polishing dexterity, P , P , P, traverse all

values in the range of 400mm, and «, B,y traverse all
values in the range of 0 — 27 , if the variable result
value is in different DOF stroke range according to
Eq. (12), this point is a dexterous processing point,
and otherwise it is not the state of the dexterous pro-
cessing. Define polishing robot dexterity as Eq. (13).

f= (13)

In Eq. (13), nis the total number of all dexterous
processing pose points, and m is the total number of all
traversal points.

Larger f means that this workpiece point can be
machined with more attitude angles and more polishing
wheel parameters, polishing will be more dexterous.

After analysis, all the workpiece size within
(400X400X400mm) can be processed. According to
the definition of dexterity Eq. (13), the dexterity of
the robot is more than 0.9. If the + —sign of S, C,,
S,, C,, S;, and C; in Eq. (12) are set more reasona-
ble, the dexterity can be further improved. The analy-
sis and calculation show that the polishing robot de-
signed in this project has a lot of work space and has
great dexterity.

3.3 Stroke optimization analysis
3.3.1

Considering the dimensions of faucets and other
actual factors, the optimized stroke of X, Y, Z DOF is
shown in Table 7.

Optimized size

Table 7 The optimized stroke of the polishing robot

DOF Stroke ( mm )
X 850
Y 700
A 800

3.3.2 Verification analysis

Set Z = 0 and Z = 200 or other values to analyze
the polishing dexterity of this polishing robot using
above optimized XYZ stroke parameters respectively.
Analysis result shows that all the points ranging in

1000mm x 1000mm on XY plane are dexterous polis-
hing points. This processing range is much larger than
the size range of our proposed workpiece, which indi-
cates that this polishing robot can meet polishing re-
quirement perfectly.

4 Experiment
4.1 Experiment

The multi-station rotary polishing robot at factory
is shown in Fig. 15.

Fig.15 The multi-station rotary polishing robot at factory

4.2 Machining experiment
The faucet before polishing and finished polishing
is shown in Fig. 16.

———
i

(a) Before polishing (b) Finished polishing

Fig.16 The workpiece

It can be seen that the polishing quality is high
and the effect is very good.

5 Conclusion and discussion

In this paper, a novel multi-station rotary polis-
hing robot is designed for the polishing requirement of
the faucet and other bathroom parts, based on kinemat-

ics analysis, the limit stroke of XYZ DOF affecting the



HIGH TECHNOLOGY LETTERSIVol. 24 No.31Sep. 2018

321

compactness of robot structures is calculated by the ar-
tificial fish swarm algorithm. Considering the actual re-
quirement , the stroke range of three moving DOF is op-
timized. This polishing robot has large dexterous work-
space after analysis. This polishing robot can meet the
polishing requirement of faucet and other bathroom
parts and has more workspace allowance after simula-
tion and machining experiment.

If this robot is only used for small-size workpiece
such as faucet processing, the machine’s polishing
space margin is still relatively large, which can be fur-
ther optimized.

In addition to the optimization of the limit stroke,
the layout parameters of the robot can be further opti-
mized, making the robot layout more reasonable.
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