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This paper proposes a novel 3T2R labelling robot with hybrid mechanism for the end-faces of
round steels. The hybrid mechanism consists of a three degrees-of-freedom (DOFs) translation
(3T) parallel mechanism and a two DOFs rotation (2R) mechanism. Based on the Jacobian
matrix of the hybrid mechanism, the author analyzed the influence of each dimension
parameter on three performance indices, namely, kinematics, transmission and stiffness of the
mechanism, under the constraints of the workspace. Based on the Pareto frontier approach, the
Non-dominated Sorting Genetic Algorithm 1l (NSGA-II) was adopted to find the optimal
values of the three performance indices, and identify the dimension parameters that bring the

best overall performance of the whole mechanism. The research results shed new light on the
design of light weight labelling robot.

1. INTRODUCTION

In recent years, automatic labelling is increasingly adopted
for steel products [1, 2]. The effect and efficiency of the
labelling robot directly hinge on the labelling mechanism. For
the end-face of round steel, the labelling mechanism should
have fast speed and a large workspace. Compared with parallel
or series mechanism, the hybrid mechanism is suitable for end-
face labelling of round steel, thanks to its fast speed, high
precision, flexibility and large workspace [3, 4]. Therefore,
more attention should be paid to this type of mechanism in
future [5, 6].

Dimension synthesis is an important aspect of the design of
labelling robot [7, 8]. The performance of a labelling robot
with hybrid mechanism varies greatly with its dimensions [9,
10]. Good dimension parameters can give full play to the
advantages of the hybrid mechanism, and facilitate the
dimension synthesis of the robot. The most popular ways for
dimension synthesis include the performance atlas method and
the objective function method [11, 12]. The former approach
uses graphics to express performance indices and their
relationship with dimension parameters, and then reduces the
number of these parameters. This approach is simple and
intuitive, but does not consider the operability or other indices
of the labelling mechanism. The objective function method is
a machine-based method established according to the structure
and work requirements. By this method, the dimension
parameters are optimized using an optimization algorithm.
Currently, there is little report on the dimension synthesis of
labelling robots with hybrid mechanism, not to mention that of
3T2R labeling robot [13-16].

To make up for the gap, this paper configures a novel 3T2R
labelling robot with hybrid mechanism and optimizes its
dimension parameters, according to the requirements on end-
face labelling of round steel. First, the hybrid mechanism was
set up based on a three degrees-of-freedom (DOFs) translation
(3T) parallel mechanism and a two DOFs rotation (2R)
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mechanism. Next, the author analyzed the influence of each
dimension parameter on several performance indices of the
hybrid mechanism. Finally, the dimension parameters were
optimized by the Non-dominated Sorting Genetic Algorithm
IT (NSGA-II), based on the Pareto frontier approach.

2. ROBOT CONFIGURATION

In steel mills, the round steels have a diameter between 40
mm and 70 mm and a length of 4~12 m. The total diameter of
a bundle of round steels is generally smaller than 360 mm. The
total weight of the bundle is roughly 2.5 t. Before end-face
labelling, the round steels need to be place horizontally at a
maximum interval of 50 mm.

During automatic labelling, the labelling mechanism must
attach the label vertically to the end-face of each round steel.
Hence, the end effector of the mechanism should be able to
translate in the three directions of the workspace and also
rotate freely to attach the label onto the end-face vertically.

In the light of the above, this paper proposes a 3T2R
labelling robot with hybrid mechanism [17]. The hybrid
mechanism is composed of a 3T parallel mechanism with a 2R
rotation mechanism. As shown in Figure 1, the entire robot is
built on the basis of a static platform. Between the moving and
static platforms lies the 3T parallel mechanism with three
parallel branches. An industrial camera and a ring array light
source are arranged at the middle of the moving platform to
visually recognize round steels. The series robotic arm, i.e. the
2R rotation mechanism, is mounted on the moving platform.
The 2R rotation mechanism has two joints connected in series
to the moving platform above the parallel mechanism. The
axes of the two joints are perpendicular to each other. The end
effector for end-face labelling is installed at the end of the
series robotic arm.



1. Static platform, 2. Parallel branches, 3 Moving platform, 4
Ring array light source, 5. Industrial camera, 6. Series robotic
arm, 7. End effector

Figure 1. The structure of the labelling robot with hybrid
mechanism

The hybrid mechanism is detailed in Figure 2, where O-
XYZ is the base coordinate system established at the center of
the static platform, 0;-XY1Z, is the coordinate system
established at the center of the moving platform, 0,-X>Y>Z) is
the coordinate system established at the first joint of the
rotation mechanism, 03-X3Y¥3Z3 is the coordinate system
established at the second joint of the rotation mechanism.

The other parameters of the hybrid mechanism are defined
as follows: the radius of the static platform, R; the radius of the
moving platform, r; the length of the active arm, L; the length
of the slave arm, /; the opening angle of the active arm, &; the
angle of the X axis of 0-XYZ, ¢; the length of the first joint,
ar; the length of the second joint, a».

Figure 2. The hybrid mechanism

3. JACOBIAN MATRIX

The Jacobian matrix of the hybrid robot represents the
mapping relationship between the joints and the end effector.
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Solving the matrix accurately lays the basis for analyzing the
speed, static, flexibility, singularity and operability of the
robot [18, 19]. So far, many scholars have explored the
Jacobian matrix of the series mechanism or the parallel
mechanism, and achieved fruitful results. However, the
research on the Jacobian matrix of hybrid mechanism is
extremely scarce. To build the Jacobian matrix of our robot,
the first step is to clarify the coordinate systems of its hybrid
mechanism (Figure 3).

Bi
0;
AL
Ci
X Xy
o) 0,
Z P Z1
Y Y
0, in
X2 ZZ
X3 Ys
Z3 O3

Figure 3. The coordinate systems of the hybrid mechanism

As mentioned before, the hybrid mechanism in our robot
consists of a 3T parallel mechanism and a 2R rotation
mechanism, which is essentially a series mechanism. The
Jacobian matrix of the parallel mechanism can be obtained by
deriving its kinematic constraint equation through differential
transform. The single-branch constraint of the parallel
mechanism can be expressed as:

OP iZOA ;’+A ,'B ,'+B ,'C,'JF C;P ie ( 1 )

Finding the derivation relative to time ¢ at both sides of
formula (1), the velocity vector ¥Vp=[vy,1,v:]T of point P in O-
XYZ can be obtained as:

Ve=wi *a+wnxb;. (2)
where, a=A;Bi; b=A:B;; w; (i=1,2,3; j=1,2) is the angular
velocity vector of the j-th member of branch i.

Multiplying both sides of formula (2) by b;, we have:

Vp'bi =mj] Xai'b,-.

3)

where, the vectors in O-XYZ can be expressed as:

cosd, sin 0, c0s (6, + ) 0
a =1l 0 |> b=l cos, > @, =1, —Ql
sing, sing,;sin(6, +6,) sing,

Let p=0P=[x,y,z]". Then, then p in O-XYZ can be expressed
as:

cosg, sing O
%R=|-sing cosp 0. 4
0 0 1



where,

cosg, sing 0
%R=|-sing cosg 0] is the rotation matrix between
0 0 1

the static from 0-XYZ to 0-X;YiZ;; © p, = [—R,O,O]T is the

position vector of the point P in O;-X;Y.Z,.

Finding the derivation relative to time ¢ at both sides of
formula (4), the velocity vector of point P in O-X;Y,Z; can be
obtained as:

X V, COS@, +V, sing,
Ry
4 v

z

[Vp]oi =3

-V, Sing, +V, cos ¢,

Substituting a;, b; and w;; into formula (3), we have:

ﬁlvx+ji2v},+ji3vz=ki9i1 (=1,2,3). %)
where,
Jjii=cos(6;11+6;2)sinfcosp;-cosbizsing;;
Jin=cos(6;11+6;2)sinbising+cosdi3cose;;
j[3=sin(9,-1+9,-2)sin9,-3; ki=l1sinBsinb;.
Substituting =1, 2 and 3 into the above formulas, the results
can be written as the matrix below:

Ve =3, dJavitjontjnv—=kit (i=1,2,3). (6)
where,
b e s kk 0 0
‘]Q = j21 j22 j23 > ‘]q =10 kz 01,
| R 0 0 Kk

C'|=[6’11,6’21,931]T are the forward Jacobian matrix, the

inverse Jacobian matrix and the angular velocity matrix of the
three branches of the active arm.

The Jacobian matrix Jp of the parallel mechanism can be
expressed as:

(7

In the O-XYZ, the Denavit—Hartenberg (D-H) parameter of
the hybrid mechanism reflects the coordinate conversion
relationship of adjacent joints [20, 21]. The geometric center
of the moving platform is taken as the origin of the 0-X;Y1Z;.
According to the transform matrix of each branch to the end of
the A transform matrix [22], we have:

nX OX aX pX
o - n, o, a, p, R P
A ="AA n oo a p| |0 1 (®)
0 0 1

where, '4;4; is the transform matrix of two adjacent coordinate
systems; R is the attitude matrix; P is the position vector.
According to the homogeneous transform matrix, we have:
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¢, 0 s, e, ¢, 0 -s, lcg
A - s, 0 —¢, ls,| , _|ss 0 ¢ s,
01 0 o0F 0o -1 0 o0}
0 0 0 1 0 0 0 1
C,C; —S, —CS, k¢, +1,c,Cq
th _1a 2p _|CSa C4 75,55 l,s, +1,c.8,
A L
0 0 0 1

The differential transform was adopted to solve the Jacobian
matrix J of hybrid mechanism. For a moving branch 7, there
exists: J=[n; 0. a. 0 0 0]".

For a rotating joint 7, there exists:

(pxn), ] [-np,+n,p,]
(pxoZ -0,p, +0,p,
3 - (pxa), | _|-ap, +a,p, | )
z nZ
z 0Z
L z | L aZ .

The Jacobian matrix Js of the rotation mechanism can be
obtained as:

0  1,c2+1,8,8,
0 —l,c%s,
10
3 0 —l,c,5¢ (10)
.=
—C43,4 S4
—S,Ss —C,
c, 0

Considering the structural features of the labeling robot, the
parallel mechanism was viewed as a joint and the hybrid
mechanism as a series structure between the parallel
mechanism and the rotation (series) mechanism. During the
differential transform, both the Jacobian matrices of the
parallel mechanism and that of the rotation mechanism were
solved column by column. The position information of the
robot structure was substituted into the corresponding columns
of the two matrices. Then, the two matrices were combined
into the Jacobian matrix of the hybrid mechanism J:

_J11 Jo i 0 Isczzt + |43455_
J21 ‘Jzz 23 0 _|3C42154
J= ‘J31 ‘]32 ‘]33 0 7|4C455 (1 1)
0 0 0 -cgs, S,
0 0 0 -ss5 —C,
0 0 0 g o |

4. MULTI-OBJECTIVE OPTIMIZATION

The kinematics performance directly bears on the labelling
effect of the robot. The condition number K of the Jacobian
matrix of the hybrid mechanism was used to measure this
performance index [23]. If the condition number is infinite, the
Jacobian matrix of the hybrid mechanism is singular. The
number of conditions varies with the robot configurations, and
the minimum value is 1. If K/~=1, the hybrid mechanism has
the best kinematics performance. Therefore, the optimization



goal of the kinematic performance was set to: K,—min, where
K is Jacobian matrix of the hybrid mechanism. The ratio of
the maximum singular value y.(J) to the minimum singular
value oq(J) can be defined as:

Oax (J)

. (12)
O i (J)

Ko =[9]-37]=

where, ||J]| is a 2-norm of J. This norm can be rewritten as a
Frobenius norm:

T )

Considering the spatial changes of kinematics, the global
kinematic performance index fi(/) was introduced to the robot
workspace W [24, 25]:

.[KJdW

fl(l):W (14)

— min *

Idw

w

The stiffness of the robot also greatly affects the labelling
effect of the hybrid mechanism. Hence, the global stiffness
performance index f>(/) was defined to optimize the stiffness
of the hybrid mechanism. The stiffness of the hybrid
mechanism can be represented as:

G=kJ'J. (15)
where, k=1 is the stiffness coefficient; J'J is the eigenvalue of
the matrix, which corresponds to the maximum stiffness.
Therefore, the optimization goal of the stiffness performance

is to maximize the stiffness. This objective can be expressed
as the reverse function below:

Auin (JTJ):(o-mil1 )’ = max < K —min.

where, K¢=||G||-||G"'||. ||G]| is a 2-norm of G. This norm can be
rewritten as a Frobenius norm [26]:

(S

i j=1

(16)

Considering the spatial changes of stiffness, the global
stiffness performance index f>(/) was introduced to the robot
workspace W:

{Kde (17)

—min "

f,(1)=

N .[dw

In addition, the reciprocal of the global condition number
was taken as the evaluation criterion for the transmission
performance of the hybrid mechanism. The greater the
reciprocal, the better the transmission performance. Hence, the
negative number of the global condition number was treated
as the global transmission performance index function f3(/):
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JUK, dw

fs(l): *

v (18)
jdw

—min -

5. DIMENSION SYNTHESIS

First, the dimension parameters to be optimized were
determined, including length of the active arm /;, the length of
the slave arm /, the radius difference between the static and
moving platforms /3, the length of the first joint /s, and the
length of the second joint /s. The dimension synthesis aims to
find a vector P=[/; L 5 I+ I5]" that optimizes the overall
performance of the hybrid mechanism. Note that there may be
contradictions between the optimizations of different
dimension parameters, that is, optimizing one parameter might
cause another parameter to deteriotate. Therefore, the
dimension synthesis should stirke a balance between these
parameters to optimize the overall performance. The multi-
objective optimization problem can be modelled as:

V —min f (x)=min[ f,(x), f,(x), f,(x)]
st L <h <l

2min < IZ < I2max

<l <l
I

L<l <l

3max

|
I3m
I4m 4max
I, <l <l

5 5max

It is difficult to find the parallel mechanism or the reverse
mechanism of the series mechanism. Therefore, it is unlikely
to fund a unified function to express the positive or negative
solution of the hybrid mechanism. The objective function of
the above model contains the end position information of both
parallel and series mechanisms, which are related to that of the
hybrid mechanism. The dimension parameters cannot be
unified easily.

To overcome the above difficulties, the kinematics inverse
solution of the parallel mechanism was obtained to determine
the end position information of that mechanism. This
information was saved on the Matlab. The end position
information of the series mechanism was obtained by the
Monte-Carlo method. On this basis, the end position
information of the hybrid information was fitted by the Matlab.

Each of the three performance indices has an extremely
complex function. Traditionally, the optimization strategy is
to weight each objective function, or convert several objective
functions into a single-objective function. In this paper, the
NSGA-II, which is based on the Pareto frontier approach, is
introduced to optimize the dimension parameters of the hybrid
mechanism, using the elite retention strategy. This algorithm
can reduce the complexity and ensure the diversity of the
pareto solution.

According to the designed robot, the constraints of our
optimization problem are 150</;<300, 300</,<600. 30</3<100,
50</4,<80 and 50</5<80. The Pareto fronts of the multi-
objective optimization are illustrated in Figure 4 below.

The optimized vector can be obtained as P=[231.97 577.68
76.326 76.868 69.754]". In other words, the optimal results of
the multi-objective optimization problem are [,=232.2749,
L=577.6572, :=76.9924, 1,=76.8491 and [s=68.3872. For
applicability, the results were rounded to /;=230, [,=580, =77,



[+=77 and [s=70. Then, each component of the hybrid
mechanism was modified according to the results.

Table 1 compares the kinematics performance, stiffness
performance and transmission performance before and after
the optimization. It can be seen that, after parameter synthesis,

Pareto front 1
0.139 - T .

[ % Optimal point sequence

X\'bc“ |_* Initial point

0.138 | .
0.137 | .

0.136 1
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the performance indices were improved across the board. The
kinematics performance of the mechanism was improved by
1.32%, the stiffness performance by 5.07%, and the
transmission performance by 20.61%.
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Figure 4. Pareto fronts of the multi-objective optimization

Table 1. Performance comparison before and after dimension synthesis

Kinematics performance

Stiffness performance  Transmission performance

Before optimization 28.02
After optimization 27.65
Performance improvement 1.32%

0.138 4.56
0.131 3.62
5.07 % 20.61%

6. CONCLUSIONS

This paper explores deep into the dimension synthesis of
hybrid labelling mechanism for end-face of round steels. The
hybrid mechanism was viewed as a series mechanism, with the
parallel mechanism as a joint. In this way, the Jacobian matrix
of the hybrid mechanism was obtained, and then the dimension
synthesis was completed.

The dimension synthesis was treated as a multi-objective
optimization problem. The objective function was optimized,
and its parameters were unified by the inverse solution of the
parallel mechanism and the variable of the rotation (series)
mechanism obtained by the Monte-Carlo method. The optimal
value of the multi-objective function was obtained by the
NSGA-II based on the Pareto frontier approach.

Then, the hybrid mechanism was modified based on the
optimization results. The comparison shows that the
kinematics performance of the mechanism was improved by
1.32%, the stiffness performance by 5.07%, and the
transmission performance by 20.61%. Through the dimension
synthesis, the author obtained the suitable dimension
parameters of the labelling robot, improved the speed and
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stability of labelling, and reduced the power consumption. The
research results provide a valuable guide for the design and
application of labelling robots.
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