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1. Introduction

For long-distance tunnels, shield tunneling is the
preferred construction method, and has been widely used in
municipal, railway, highway projects, and shield machine
has become the major technical equipment for national in-
frastructure construction, resource exploitation and defense
construction [1-4]. As the core part of shield machine, the
cutter directly cuts the rock and soil on the excavation face,
which inevitably leads to serious wear and fracture failure
in the tunneling process. If it is not replaced in time, the tun-
neling efficiency will be greatly reduced. Therefore, it is
necessary to stop the machine and open the chamber to
check and replace the worn cutter in time during shield tun-
nel construction [5-7]. For cutter-changing operation, man-
ual work is the main procedure as shown in Fig. 1. It requires
professional worker enter the excavation chamber fre-
quently to complete difficult cutter-changing assignments,
which not only cause high cost and long time, restricting the
construction efficiency, but also has great security risk for
worker in high pressure and humidity environment, even
causing casualties [8-10]. Therefore, it is urgent to design a
cutter changing robot to realize the safe and efficient opera-
tion in high-risk environment. However, the internal space
of the shield machine is narrow and complex, and the layout
of cutters to be re-placed on the cutterhead is wide and com-
plex, which makes it difficult to design the configuration,
size and the trajectory planning of the robot arm, and has
great challenge to plan the cutter-changing trajectory of ro-
bot arm.
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Fig. 1 Manual cutter changing process

A lot of research on cutter change robot technology
has been carried out by relevant institutions. French Bouy-

gues group has designed a ‘TELEMECH?’ type tool chang-
ing robot, including KUKA arm and specific manipulator,
and the operation experiment has been carried out in a Hong
Kong tunnel project, only 30% of cutters on the cutterhead
can be replaced [11]. German artificial intelligence research
and development center has developed a 5-DOF hydraulic
cutter changing robot with compact structure, covering 75%
of cutters [12]. Domestic research on cutter change robot is
still in the early phase. Huo proposed a cutter holder suitable
for cutter changing robot, which can realize quick disassem-
bly and assembly of cutter [13]. Xia completed configura-
tion design and dimension synthesis of cutter disassembly
mechanism for cutter change robot based on performance
atlas [14]. Yang proposed a trajectory planning method of
cutter change robot based on binocular vision and visual
navigation technology [15]. However, the above research on
the cutter change robot of shield machine mainly focuses on
the design of manipulator and cutter holder system, and is
in the stage of design and experiment. There are few re-
searches about the cutter change robot arm.

Cutter changing robot belongs to jointed serial ro-
bot. scholars have studied the cutter change trajectory plan-
ning based on forward and inverse kinematics analysis,
where forward kinematics is applied to determine the joint
positions and get the gesture and position of the actuator,
and inverse kinematics refers to how to determine the cor-
responding joint positions when the robot reaches the ex-
pected position [16-18]. Xie designed an 8-DOF tunnel
shotcrete manipulator, introducing virtual joint and DH
method to establish the kinematics model of the robot, and
carried out the optimal spraying trajectory planning [19].
Wang proposed an accurate inverse kinematics algorithm
combining analytical method and numerical method, which
was successfully applied to a 7-DOF spraying robot [20].
Based on a six-leg mechanism with one degree of freedom,
Zhang proposed a comprehensive calculation method of
configuration and dimension, where the feasible length
range of the connecting rod can be obtained quickly [21].
Liu put forward an autonomous obstacle avoidance trajec-
tory planning method using dangerous scene information
based on the kinematic model of space robot [22]. Zhang
[23] and Fung [24] respectively completed the optimal path



planning of wood repair robot and glass handling robot
based on the minimum time and energy. Li [25] designed an
optimal measurement pose number searching method for
kinematic calibration of six-DOF serial robot. Xu put for-
ward a regional directional acquisition method based on
two-arm cooperation, which was successfully applied to the
target trajectory planning of astronautic manipulator [26].
Augustaitis [27] used geometric methods to solve the robot
inverse kinematics and proposed a theoretical approach to
solve the inverse kinematics solution using the global pro-
jection of the robot linkage. The above research shows that
the forward kinematics modelling, the inverse kinematics
solving and the trajectory planning of different target pose
are the basis for the structural design of the robot arm.

Considering the cutter changing requirements and
narrow space constraints of the shield machine, the config-
uration of the cutter change robot arm is designed. Taking
the working section and the length of the manipulator as the
objective function, the length parameters of the robot arm is
designed. The forward kinematics model of the robot arm is
established to check it’s the reachable workspace in shield
machine. Based on the inverse kinematics solution of the
manipulator, the trajectory planning of all cutters on one
auxiliary arm of the cutterhead is completed, the motion per-
formance of the robot arm is analyzed by ADAMS software.
Finally, the test platform of the cutter change robot is built,
and the feasibility of the configuration and size design of the
cutter change robot is verified.

2. Configuration of cutter changing robot arm

The cutter changing robot is intended for automat-
ically dismounting the worn cutter from cutterhead and in-
stalling the new cutter during TBM construction. The cutter
changing robot is arranged in the storage cabin, which is
fixed at the behind cabin. The cutter changing robot is con-
tracted in the storage room with door closed during TBM
regular excavation. While the cutter changing robot is re-
quired to move out of the cabin and reach the behind of cut-
terhead to change the worn cutter during downtime mainte-
nance period.

Taking an existing shield machine with 8.8m diam-
eter as the design object, the configuration of the cutter
changing robot is designed according to the inner spatial
characteristics and limitation of the cutterhead. In order to
reduce the change of shield machine overall design scheme
as far as possible, it is considered that the human cabin is
designed as the storage cabin of the cutter changing robot
with the dimension of 1150x1180%3090 mm, which re-
stricts the overall size of the cutter changing robot.

The cutter is arranged on the radial spoke of the
cutterhead in the shape of “meter”, before the cutter chang-
ing operation, the cutterhead can rotate to the position,
where the cutter to be changed is near to the storage cabin
[28-29]. It can reduce the motion range requirement of robot
arm. Therefore, the robot arm is designed to reach the posi-
tion of all cutters on a certain radial spoke, as Fig. 2, a
shown. Taking the storage cabin and cutter on the spoke arm
as starting point and ending point, respectively, the main ex-
tension area of the robot arm is in the mud water balance
chamber with 8630 mm diameter and 995 mm depth, the air
cushion chamber with 8630 mm diameter and 1425 mm
depth, and four tilted brackets arranging at the back of cut-
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terhead, as shown in Fig. 2, b [30]. The robot arm is de-
signed with six degrees of freedom, which can effectively
avoid the collision with the inner structure of shield ma-
chine.
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Fig. 2 Workspace analysis of cutter changing robot: a) re-
gion of cutter-changing; b) motion range of cutter
changing robot

The main function of the robot arm is to carry the
end manipulator and cutter, and transport them between
storage cabin and cutter housing on the cutterhead, and the
robot is determined as jointed serial. During tunneling con-
dition of shield machine, the cutter change robot should con-
tract in the storage cabin. While in the condition of cutter
changing operation, the gate of cabin is opened to let the
cutter change robot extend out to work. Therefore, the robot
arm needs one or more horizontal prismatic joint, which can
realize by sliding mechanism or telescope joints. As the cut-
ter holder is welded on the cutterhead, which means the ma-
nipulator should complete the disassembly and assembly
operation at the vertical direction. It requires the robot arm
has at least four links and four degrees of freedom, including
three rotational degrees of freedom and one translational de-
gree of freedom. Four kinds of manipulator configuration
schemes are designed, as shown in Fig. 3.

Due to the heavy weight of the whole robot, the
sliding rail type is adopted for the mobile joint of robot base.
The base and guide rail of the robot are set on the top of the
storage cabin.

In scheme 1, the motion of the first rotary joint is
limited by the storage chamber, as the slide way should ar-
ranged in the storage cabin. While in scheme 2, the tele-
scopic joint is close to the base, seriously restricting its flex-
ibility when replacing the cutter in non-horizontal position.
The second movable joint of scheme 3 is arranged inside the
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storage cabin and its size is directly limited by the size of  requirements of freedom degree and convenience, and is
storage cabin. Scheme 4 includes one mobile joint, three ro-  more suitable for cutter change operation in narrow shield
tary joints and one telescopic joint with a large range of cut- ~ machine.

ter-changing and flexible movement. It meets the expected
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Fig. 3 Kinematic diagrams of cutter changing robot arm: a) scheme 1; b) scheme 2; ¢) scheme 3; d) scheme 4

In the actual cutter change procedure, the cutter-
head is difficult to stop precisely at the present position of
the robot. As shown in Fig. 4, OA is the desired position of
the radial spoke, and A; is the desired position of cutter to
be replaced, while OB and B; are the corresponding actual
positions. The angle error of radial spoke is set as g, the an-
gle error of cutter is 5, and the displacement error of cutter
is defined as a. Two rotary joints are added at both ends of
the robot arm to make it rotate in the direction perpendicular
to the cutterhead axis, so as to compensate the angle of the
end manipulator. In addition, a translational degree of free-
dom is added to the end manipulator to compensate error
displacement of cutter. The final configuration of the robot
arm is shown in Fig. 5.

The design scheme of the manipulator of the robot Fig. 4 The actual position of cutterhead and cutter
is shown in Fig. 6, including the base moving joint, the ro-
tating joint, the pitching joint of big arm, the pitching joint P1
of forearm, stretchable joint of forearm and the end pitching R7
joint. Because the cutter change robot needs to bear large ]—1‘_.',_=|—(SEI—O—O—|=|—
load, the hydraulic driving is used to achieve high energy R6 PS5 R4 R3 R2
density. During the cutter change operation, the end manip- Fig. 5 Final kinematic diagrams of cutter changing robot
ulator assembles the cutter into the housing, disassembles arm
the cutter out of the housing.

Mobile jomnt of base Pitch joint of big arm Stretchable joint Cutter-changing

manipulator
\

-

Rotary joint Pitch joint of forearm End pitch joint Cutter
Fig. 6 Configuration model of cutter changing robot

3. Dimension design of cutter changing robot arm Joint 1 is the moving joint of the base and joint 2 is the ro-
tation joint of the arm, which have no effect on the work-

To determine the length of each link and the mo-  space section size of the arm. Therefore, these two parame-

tion range of each moving pair for the robot arm, the struc-  ters are not selected as design variables. Set the angle of
ture design and calculation are carried out based on the end  joint 3 as 64, the length of big arm as L, and the angle of
posture and workspace of the robot arm, where the work-  joint 4 as 6.. The joint 5 is expansion joint, in addition, set
space and the total length of the manipulator are important  the length of outer arm of telescopic arm as Ls, and set the
factors to be considered and the overall size and massshould ~ longest stretch of inner arm as La, the total length of tele-

be as small as possible. scopic arm as L3, the angle of joint 6 as #s, and the length
o ) of joint 6 to end translation mechanism as Ls. Therefore, the
3.1. Optimization model of cutter changing robot arm design variables of the robot arm can be obtained as,

1) Design variable of cutter changing robot arm. X =l Ly L, 6,05, 0] =[X0 %0 X X4 %5, %]

The structural diagram of the robot arm is shown in Fig. 7.
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Fig. 7 Structure and working section of manipulator: a) actual model of robot arm; b) simplified model of robot arm

2) Objective function and constraints. On the
premise that the robot arm can reach the positions of all cut-
ters on the cutter head, the working section of the robot arm
should be as small as possible. Therefore, the area of the
working section of the robot arm is taken as the objective

function. As shown in Fig. 7, b, the working section of the
robot arm mainly includes three arc-shaped areas: P1P2P3P.
at the end of the arm, P1PsPsP. swept by the circular arc
P1P2 and the area P2PsP;P3 swept by the circular arc 0, their
areas Si, Sy, Ss can be calculated respectively.

S = |¢’2 (1_COS¢’3)| Ls;(Ls +675)
S, =l (L-cos )| L, (L; + L; +675) .. (1)
S, = ¢ {Ls (L—cos g, + L, [cos g, —cos(g, +3)]}{ (Ls +675)

where: g is the limit rotation angle of the i connection rod,
Omin =7—@,,and ¢, >0.

imin

S=5,+5,+5; = |(P2 (1_COS¢3)| LiLs +[@ (L—cosg, )| L, (Ls + Ls) +

The objective function 1 about the total area of

The total area of the workspace section for the ro-
bot arm is:

2} { L's (L—cosg; + L,[cosgp, —cos (¢, + ¢, )]}‘ L. (2

workspace section is built:

minF, (X) = (7 =X, ) (140X, ) X, X, + (77 =X, ) (1+€0sXs ) X, (X, +X; ) +

+(7z—x4){x2 (1+cosx6)—x1[cosx5+cos(x5+x6)]}x3. ' ?3)

In order to get a small size and light weight robot
arm, the sum of the length of the robot arm should be as
short as possible, which is taken as the objective function 2:

minF, (X) = X, + X, + X. 4)

The above two objective functions are integrated
into a comprehensive objective function:

minF (X) =k, F, (X) +k,F, (X), (5)

where: ki is the weight of the it objective function, which
means the importance degree. In the process of cutter chang-
ing, the total length of the robot arm and the workspace ar-
eas are of equal importance, therefore, the weight allocation
set of the objective function can be set as k, =k, =0.5.

In order to ensure that the arm can reach all the cut-
ters on the cutterhead, the farthest distance between the
working section and the arm should be larger than the radius
of the cutterhead.

X,SinX, + X, + X, > 4400. (6)

According to the specific structure of the robot
arm, corresponding constraints of the joints are built:

1784<x, <7
1308<x;, <. (7)
0<x, <7

3) Optimization of cutter changing robot arm. Ge-
netic algorithm is used to optimize the objective function by
Matlab software, and the results are obtained.
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X = [732.26,1953.21, 433.92,2.339,1.6258,0.017]. (8)

To facilitate machining, the results are rounded as:
L, =732 mm, L,=1960 mm, L, =435 mm, §,=134°,6,=95°,6,=0°
. In order to increase the motion range of the joint, the angle
ranges of joint 3 and joint 4 are taken as 134-195° and 95-
205°, respectively. For joint 5, L; is total length of tele-
scopic arm with telescopic range is 1310-1960 mm, where

Mobile slideway Robot arm

the length of the outer arm and the inner arm is 1100 mm
and 860 mm respectively. Joint 6 is a swing joint, and the
swing range is 0-3000 mm. Joint 2 is a rotary joint, and the
rotation range is 0-360°, intending to replace all cutters on
the cutterhead.

During the shield tunneling, the manipulator
shrinks into the storage cabin with the dimension of
1150%1180%3090 mm, as shown in Fig. 8.

Storage cabin

Fig. 8 Contracted state of cutter changing robot in storage cabin

3.2. Reachable domain of cutter changing robot arm

1) Kinematic model of cutter changing robot arm.
The robot arm is connected by multiple links through mo-
tion pairs. The coordinate system is established at the center
of each joint, and the position and posture of each joint co-
ordinate system in Cartesian coordinate system are obtained
through corresponding coordinate transformation. In this
study, the improved Denavit-Hartenberg method is used to
build the kinematic model of the joint, and the transfor-
mation relationship between each coordinate system of the
arm is established through homogeneous transformation.

Y6

Fig. 9 D-H simplified model of cutter changing robot arm

Then, the relationship between the position of the
cosé., —sing,
i | sind.cose; ; CosO.cosa
| singsing,_,  sing,,
0 0
T =TT T, (10)

R
0

TemwmTaa

|

end cutter centroid of the robot arm in the Cartesian coordi-
nate system and the joint coordinate system can be obtained.
The D-H coordinate system is shown in Fig. 9, and the D-H
parameters are shown in Table 1.

Table 1
D-H parameter table of the cutter change robot arm

Coordinate i i di ai1 | a1 | Variable scope

1 0 di 0 0 0~3000mm

2 62 0 560 0 0~360°

3 63 0 100 |-90° -125~-75°

4 64 0 732 | 0 -150~-65°

5 180° ds 0 [-90°|1420~2070 mm

6 Os 0 0 [-90° -180~0°

7 0 0 460 0 /

Based on the rigid body kinematics translation and
rotation theory, the base coordinate system and cutter cen-
troid coordinate system is connected through 4x4 homoge-
neous transformation matrix, and the transformation ma-

trix iflT of adjacent coordinate system is as following:
0 &
., —Sing,, —sing;_,d, ©)
Cose; ,  Cose;_,d,
0 1

The space pose of the end cutter centroid of the ro-
bot arm can be obtained from Eq. (9) and (10) as following:

nX 0)( aX pX
P} _|ny o a p, a1
l nZ OZ a'Z pZ

0 0 0 1



n,= _Sa4eczv
n, = —534552,
n, = _C346'

0, =C34sC,C7 = 5,55,
0, =C,S; +C4C;S,,
0, =—=534C5,
a, =C,S,+C,,.C,C,,
a, =Cy5,5; —C,C;,
a, = —Cy5;,
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p, =100C, +732C,C, - d; (C,CS, +C,S:C, }+ 460C; (C,S,S, —C,C,C, )+ 460, (C,C,S, —C,S,C, ) -

~d,S, +560,

p, =100S, +732C,S, +d,C, —d;5,S,, —4605,C,,C; +460S,S,,S;,

p, =d, +460S,,, — 7325, —d.C,,.
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Fig. 10 Working space of cutter changing robot: a) workspace of robot arm; b) workspace in XOY plane; ¢) workspace in

XOZ plane; d) workspace in YOZ plane

where: R =[n,0,a] is posture matrix of end coordinate sys-
tem, and n,0,a are direction cosines of the three coordinate
axes, respectively. P =[PR,,P,, P,] is the position matrix of
end coordinate system, and P,,P,, P, are the origin coordi-
nates of the end coordinate system. The numerical results
are as follows, where: S =sin(6), C,=cos(8,),

S; =sin(6,+6;), C; =cos(6, +6,).

The position vector of cutter centroid is a function
about @ and d. When the angles 6, of joints 2, 3, 4 and 6 and
the lengths d; of joints 1 and 5 are known, the pose vector n,
0, a, p can be calculated, and the pose of the cutter centroid
relative to the base coordinate system can be determined.

2) Operation space of cutter changing robot arm.
The workspace of the robot arm determines whether it can
reach the positions of all the cutter on the radial spoke.
Therefore, the Monte Carlo method is used to solve the



workspace of the robot arm. According to the forward kine-
matics model of the robot arm, the parameters of each joint
are assigned by the random function in MATLAB, and the
reachable workspace of the arm can be obtained. The calcu-
lation model of joint random variables is as follows:

{ (i = Orin)

+rand x(d )

where: Gimax, Gimin, dimax, dimin are the variable limits of the
rotation joint and the translation joint respectively, and rand

-0,

imin

_d

imin

6. +rand x

imin

0i=
d =d

imin imax

(13)

4. Path planning of cutter changing robot arm
4.1. Inverse kinematic solution model of robot arm

Inverse kinematics is used to solve the motion pa-
rameters of joint variables when the end position and pose
of robot in cartesian space system is known. Newton-
Raphson method has the advantages of fast convergence and
self-correction, by using the method of tangent iteration of
function to approach the correct solution of the equations.
According to the perturbation differential of the arm coordi-
nate system, the Jacobian matrix of each joint is constructed,
which influence the motion characteristics. The joint value
corresponding to the expected end posture of the arm is
solved based on Newton Raphson iterative method.

Considering the influence of each joint parameters
on the end posture of the arm, six joint values about six free-
dom degrees of the robot arm to be solved. g is the it joint
variable value:

g :(d1’92’03134’d5’d6)' (14)
F is a function of six joint variables:
F=f(d1,92,¢93,94,d5,d6). (15)

By calculating the derivative of generalized veloc-
ity to time, the relationship between the end linear velocity
and angular velocity of the arm and the differential change
of each joint value can be obtained.

of oy o,
a9, o P
we ),
v] dF dg | =% = —*| 1 |da,
=—=] =1 0 0 0 c— . 16
{w} a 9O :ql " ?6 dt | - (16)
P : ]
AN AN
| g, 0q, a9 |

The kinematic relationship between the linear dis-
placement and angular displacement of the arm end and the
change of each joint value is established. For the influence
of the joint value change on the end coordinates of the robot
arm, Eq. (16) can also be written as follows:

D = Jdq, 17
dg=J"'D. (18)

Because the Jacobian matrix is derived from the

derivation of the corresponding kinematic equation, it is
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represents random numbers from 0 to 1.

30000 groups of different random joint variables
are set to represent different end positions of the robot arm
in the coordinate system in the form of scattered points, and
the results are shown in Fig. 10a. Fig. 10b —d respectively
show the projection of end positions on the three planes of
the base coordinate system XQY, YOZ and XOZ. The
movement range of the arm is -2.9 m to +3.6 m in the X
direction, -3.3 m to +3.3 m in the Y direction, and -0.2 m to
+4.6 m in the Z direction. It indicates that the cutter change
robot arm can meet the workspace requirements of the
shield machine with 10 m diameter.
more complex to directly solve the Jacobian Matrix J in the
relative base coordinate system. By constructing Jacobian
matrix, the influence of joint motion on the pose of arm end
is obtained. Firstly, the transfer matrix from the joint to be
solved to the arm end is constructed as follows.

elaT = T2T3T4T5T6
ZT = T3T4T5T6
2T =T,T:Ts

éT =TT,

ZT =T,

gT =1

(19)

4x4

For translation joint 1 and joint 5, the differential
relationship between them can be obtained.

d"] [n,

d’ 0,

d" a

: (=% |dd., 20
5 o |9% (20)
s |o
_é‘zn_ _0_
d"] [(pxn),]

d"| |(pxo0),

" a

d," |_|(pxa), d0. 21)
5Xn r.]Z

o, 0,
5" L oa ]

For rotation joint 1 and joint 5, the differential re-
lationship between them can be obtained.

The transformation matrix Ji is the relationship be-
tween the joint variable and the position and pose of the arm
end in Cartesian coordinate system.

I=[3 3, 3 I I %] (22)

After obtaining the Jacobian matrix of the robot
arm, Newton-Raphson iterative method is used to solve the
inverse solution of the arm. The steps are as follows:

1) Give initial values qc (807, pi, -pi/2,

-pif2,1310, -pif2,0), give the iterative convergence condi-
tions e = 0.001.



2) Set the desired pose of arm end at the Cartesian
coordinate system as Te, and the differential motion matrix

of the current arm is obtained as A =T,*T, — I . According

to the formula, the differential motion vector of the robot
arm is obtained.

3) Substitute values of each joint into the corre-
sponding differential Jacobian transfer matrix and establish
the iterative relationship.

4) The pseudo inverse solution of the differential
Jacobian transfer matrix J+ is obtained by SVD decomposi-
tion, and the current joint offset value is obtained by.

5) Judge whether the offset value is less than the

given error |[dg||= <e. If the condition is satisfied, the iter-

ation is exited, and the value is output. If the condition is not
met, return to step 2 and repeat steps 2-5.

4.2. Cutter-changing path of robot arm

When the robot arm carries out the cutter change,
it is necessary to plan the trajectory. Firstly, the position and
pose of each path point which the cutter centroid passes
through is transformed by the inverse kinematics of the arm,
and the joint variable values are obtained. Then, through in-
terpolation calculation, the joint variable value is expressed
as a function of time, so that the end of the arm passes
through the starting point and each path in the middle, and
finally reaches the end point.

» End position trajectory

JTermination point B

7/mm

Fig. 11 Change track of centroid position of cutter
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Table 2
Posture of robot arm for different cutters

ni‘;ﬁfgr dymm| 60 | o0 | ow | dgmm | og°
25 2068 | 97.81 | 15.11 | 11.08 | 1790 | -26.19
26 2064 | 97.81 15.04 8.98 1763 -24.03
27 2018 | 97.81 | 11.66 | 10.84 | 1781 | -225
28 2052 | 97.81 | 13.36 6.46 1719 | -19.82
29 1990 | 97.81 | 12.06 5.21 1754 | -17.27
30 2076 | 97.81 | 6.52 1147 | 1659 -18
31 1913 | 97.81 | 11.89 | -0.07 | 1790 | -11.83

The quintic polynomial interpolation is used to
plan the trajectory of the cutter change robot. Set the initial
variables of each joint as gc = (807 mm, 180°, -90°, - 90°,
1310 mm, -90°). The centroid coordinate of the end cutter is
(460, 0, 3309), and the target position is (-820, 82, 3857).

The joint variable of the termination point is obtained by in-
verse kinematics as ge = (1067.7 mm, 176.6°, -81°, - 66.9°,
1924 mm, -103.5°). At the target position, the motion tra-
jectory of cutter centroid in three-dimensional space is
shown as Fig. 11. A is the starting point of arm, and B is the
ending point. The curves CD, EF and GH are the projections
of the trajectory on the XY, XZ and YZ planes respectively.

Similarly, the posture planning of the robot arm
can be obtained, taking 7 cutters on a spoke as the target
position, respectively, as shown in Table 2.

5. Verification of cutter changing robot arm
5.1. Dynamic analysis of cutter changing robot arm

Collecting the time-displacement relationship of
each joint, the centroid motion parameters of cutter can be
obtained. The centroid velocity and acceleration of cutter in
X, Y and Z directions are shown in Fig. 12, respectively. It
can be seen that the velocity and acceleration in X, Y and Z
axes are relatively stable and smooth, and there are no dis-
continuities and mutation points in the whole movement
process.
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Fig. 12 Centroid velocity and acceleration of cutter: a) cen-
troid velocity of cutter; b) centroid acceleration of
cutter

Joints 1, 3, 4, 5 of the arm are driven by the hydrau-
lic cylinder, and the displacement-time relationship of three
hydraulic cylinders can be obtained, as shown in Fig. 13, a.
In addition, driving torque curve of hydraulic cylinder and



swing cylinder is obtained as Fig. 13, b. It varies in the nor-
mal range, and the whole movement process is smooth, the
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power output is stable. It indicates that each joint of the ro-
bot arm performs stably without obvious impact and vibra-
tion in the actual process of cutter change.
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Fig. 13 Curve of hydraulic cylinder drive force and torque: a) curve of hydraulic cylinder drive force; b) curve of hydraulic

cylinder drive torque
5.2. Test bench of cutter changing robot arm
A prototype of cutter changing robot is made to

verify the motion characteristics of the robot arm, as Fig. 14
shown. The cutter to be replaced is placed in cutter housing

Cutter to be changed Mampulator Jomt 6

Jomnt 5

with different installation radius to simulate cutterhead. Cut-
ter-changing operations at different location with different
motion path are carried out, where the posture of the robot
arm is monitored real time. The experimental results show
that the designed cutter change robot can reach different cut-
ter positions.

Slideway Jomnt4 Joint3 Jomt2 Jomtl

Fig. 14 Test bench of cutter changing robot

6. Conclusions

The inner space structure characteristics of the
shield machine was analyzed and the robot installation po-
sition and the distribution area of cutter to be replaced were
determined. A design scheme of 4R2T 6-DOF cutter change
robot arm suitable for shield machine was proposed. The
optimization objective is to minimize the workspace and the
total length of the connecting rod, and the structural dimen-
sion parameters of the manipulator are designed. Taking the
minimum working space and total length of the connecting
rod as optimization target, the design of the structural di-
mension parameters of the robot arm is completed.

Based on the joint characteristics of the robot arm,
D-H method was used to establish the kinematic coordinate
system, and its MD-H parameters were defined. The work-
space of the robot was analyzed by Monte Carlo method.
The results show that the robot arm can meet the needs of

the shield machine with a diameter of less than 10 m.

The Jacobian matrix of the robot arm was estab-
lished, and the Newton Raphson iterative method was used
to solve the inverse kinematics. The position and pose of
each joint of the robot arm for different target cutters were
obtained, and the trajectory planning of the robot arm re-
placement operations for all cutters on the radial arm was
completed. The feasibility of the robot arm was verified
through the cutter change operation posture and the move-
ment performance test.
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ACCESSIBILITY AND TRAJECTORY PLANNING OF
CUTTER CHANGING ROBOT ARM FOR LARGE-
DIAMETER SLURRY SHIELD

Summary

Aiming at solving the problems of huge cost, long
cycle and high risky during manual cutter changing process
for shield machine, a cutter changing robot was designed to
adapt to its narrow and complex space, the workspace and
motion path of cutter changing robot arm were studied.
Firstly, by analyzing the internal space and cutter layout
characteristic, the configuration of the robot arm was pro-
posed, and the dimension of each rod was designed using
multi-objective optimization method. The kinematic model
of the robot arm was established by using the D-H model
method to analyze its reachable working space. While the
inverse kinematic model of the robot arm was solved by the
Newton-Raphson iterative method to complete the trajec-
tory planning of the arm for all cutter locations, where the
relationship between the target position and the joint varia-
bles was established. The motion stability of the robot was
verified by virtual simulation and test. The results show that
the working space of the designed robot arm meets the cutter
changing requirements that all the cutter position can be
reached. Moreover, the power output of the drive is smooth,
which can transport the cutter weighing up to 250 kg.

Keywords: shield machine, cutter change robot, kinematics
analysis, trajectory planning, workspace.
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