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Abstract: The hydraulic thrust system of the shield machine is used for driving forward and pose
adjustment. It is of great significance to figure out the thrust mechanism and motion characteristics
of the shield machine to ensure the safety of tunnel excavation. This study aims to develop a model
to explore the influence of thrust cylinder advancement on the motions of the shield machine. Firstly,
the study carried out mechanism analysis of the thrust mechanism for the shield machine and
established a method to describe the position and attitude of the shield machine during the tunneling
process by the homogeneous transformation matrix. Then, a new inverse kinematic model was
proposed to quantify the relationship between the telescoping movements of cylinders and shield
machine motions, and the Jacobian matrix was derived to solve the instantaneous kinematics analysis.
Furthermore, a virtual prototype model was developed to simulate the kinematic behavior of the
shield machine and validate the accuracy of the kinematic model. The model provides the basic
constraint relations for the practical position control system and lays a strong foundation for the
dynamic model and automatic trajectory tracking control of shield machines for future studies. Based
on the proposed model, the displacement, velocity, and acceleration of cylinders that drive the shield
machine to the target motions can be solved exactly. It can provide a reference for the pose control of
the shield machine during the practical shield tunneling.

Keywords: shield tunneling machine; thrust mechanism; kinematic analysis; virtual prototype;
pose control

1. Introduction

Characterized by high security, environmental friendliness, and automation, the shield
tunneling method serves as an effective method for excavating tunnels and has found
wide application in tunnel construction [1-3]. As one of the major systems of shield
machines, the hydraulic thrust system composed of a series of circular-distributed thrust
cylinders plays a key role during shield tunneling operation. It performs the critical tasks of
driving forward and pose (position and attitude) adjustments by controlling thrust cylinder
expansion or contraction, which ensures the trajectory of the shield machine tracks the
tunnel design axis well [4-6]. During tunnel construction, improper pose and axis deviation
make segment assembly difficult, and it can easily cause tunnel quality problems such
as segment damage and leakage. It may even make cause the existing tunnel that was
assembled to be abandoned, resulting in waste of money and construction time.

Research on the kinematic behavior of the shield machine is the basis of realizing the
accurate control of the shield pose [7]. Some works have been done around the shield
behavior, only based on the data from the shield guide system [8,9]. However, this research,
lacking the kinematic principles of the shield thrust mechanism, have difficulty in solving
the problem of pose control.
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With the development of electro-hydraulic proportional control and electro-hydraulic
servo control technology, the control mode based on displacement feedback control mode
and force-displacement composite control mode is widely used [10]. Several pieces of
research have proved that displacement control mode can be used to achieve precise
control of shield cylinder displacement, and it can control the cylinder movement more
accurately to adjust the shield pose, avoiding lag and inaccuracy of force control [11,12].
These pieces of research make it possible to study pose control of shield machines based on
the kinematic model of the thrust system.

The shield thrust mechanism is a typical multiple input multiple output (MIMO)
redundant parallel mechanism with six degrees of freedom, and there is a strong coupling
between position degrees of freedom and attitude degrees of freedom. Kinematic analysis
of thrust mechanism needs to be solved urgently to explore the motion laws of shield
machine, especially the mapping relationship between the cylinder branch chain motions
of shield thrust mechanism and the motions of shield machine, which is the key to motion
control of the shield and close tracking the tunnel design axis.

Kinematics of a mechanism can be generally divided into two categories: forward
kinematics and inverse kinematics. The forward kinematics focuses on solving the motion
of the end effector by given geometric parameters and joint variables, through which we
can predict the actual trajectory of the end effector [13,14]. Conversely, inverse kinematics
provide closed-form solutions to determine appropriate joint parameters to make the end
effector reach the target pose [15], which can provide accurate kinematic equations for real-
time control and trajectory tracking of mechanism [16-18]. Therefore, the inverse kinematics
is more adaptable than the forward kinematics in improving the control accuracy of the
actual trajectory of the shield machine [15,19,20]. Once the motions of thrust cylinders
are calculated using inverse kinematics, a motion profile can be generated using the
Jacobian matrix to move the shield machine from the initial to the target pose. In general,
the usual methods used to solve the inverse kinematics include numerical methods and
analytical methods (closed-form solutions). Due to the complexity and non-linearity of the
inverse kinematics, the numerical iteration method is always used to solve it. However,
the numerical solution needs more computation than the analytical solution, so it is not
suitable for occasions with high real-time requirements [16,20].

To date, only a few pieces of research have studied the inverse kinematics of shield
thrust mechanism by the analytical solution. Wang et al. [7] proposed a mathematical
method for determining the target motions of the thrust cylinders and applied it in de-
termining the target motions of the thrust cylinders. With the help of these mathematical
models, the application range of the automatic pose and trajectory system is greatly en-
larged. He et al. [21] carried out the kinematic modeling of the shield thrust mechanism for
the demand of the shield machine’s position solution with the kinematics analysis method
of the parallel mechanism. The existing kinematic models provide the basic constraint
relations for the practical position control system but restrict their applicability for the
following reasons. First, most of the equations in the inverse kinematic model are implicit
equations, in which some motion parameters, like sway angle and sway angular velocity
of cylinders, are difficult to determine and control in the engineering practice. Second,
the respective relations between attitude angles of shield machine and angular velocity
and angular acceleration have not been explored. Finally, the explicit solutions for angular
velocity and angular acceleration of the shield machine are not solved.

Motivated by these considerations, this study aims to propose a new analytical solution
to solve the inverse kinematics of shield thrust mechanism, in which all equations are
explicit equations, and all the parameters are easy to determine. Based on the proposed
model, the displacement, velocity, and acceleration of cylinders that drive the shield
machine to the target motions can be solved exactly. These solutions provide the basic
constrain relations for practical position control system. Moreover, a virtual prototyping
model was developed to simulate the kinematic characteristics of the shield machine and
validate the theoretical analysis. The inverse kinematic model established in the paper lays
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a crucial foundation of shield thrust mechanism design, workspace analysis, and trajectory
tracking control. In particular, the analytical solutions of the inverse kinematics can be
embedded into the hardware for real-time application to solve the motion state of the
thrust cylinders when the shield machine is tracking a target trajectory, so as to achieve the
purpose of real-time control of the shield pose.

In this study, the innovation points are as follows:

e  Detailed mathematical modeling and analysis of the shield thrust mechanism are
performed to elucidate the pose adjustment principle.

e A new explicit analytical solution to solve the inverse kinematics of the shield thrust
mechanism was proposed, to describe the relationship between the cylinders and TBM
motions.

e A virtual prototype model of the shield thrust mechanism was developed to simu-
late the kinematic behaviors of the shield machine and validate the accuracy of the
proposed kinematic model.

2. Description of Thrust Mechanism

The shield hydraulic thrust system performs the critical tasks of driving forward and
pose adjustment under the resistance from soil. The thrust system is composed of a series of
hydraulic cylinders, and these cylinders are generally divided into four groups: left, right,
up, and down. Thrust cylinders in each group share the same pressure, and the pressure
can be set separately in different groups. The combined effect of internal and external forces
applied on the cylinders can contribute to differential displacements of cylinders, even in
the same group. Thus, the shield machine may be pushed to advance or deflect in a certain
direction.

The thrust system is a typical redundant mechanical system with multiple inputs
from the parallel thrust cylinders. From the perspective of the mechanism, the front end of
hydraulic cylinders is hinged, with the backplane of the middle shield through a spherical
joint, and the rear end of the hydraulic cylinder is attached to the assembled segment ring
through a boot. When tunneling, the shield machine is pushed forward by the reverse thrust
provided by cylinder extension against the segment ring. Therefore, the thrust system
can be simplified as an n-SPS equivalent parallel mechanism (n: number of cylinders; S:
spherical joint; P: prismatic pair).

3. Kinematic Analysis
3.1. Principle of Pose Calculation
3.1.1. Coordinate System Description and Coordinate Transformation

The shield machine has six degrees of freedom when tunneling in soil, three for
position and three for attitude. Two coordinate frames were defined to describe the pose of
the shield machine. The global coordinate frame {A-xyz} was attached to the rings and the
x-axis was in the direction of the ring axis. The origin of the base coordinate system was
selected as the distributing center of the gripper shoes of cylinders. The local coordinate
frame {B-xpypzp} moving with the TBM was attached to the backplane of the middle shield,
and origin B is the distributing center of front hinges of cylinders. The xg-axis is in the
direction of the machine axis. In the initial stage, the corresponding axes of the two frames
were aligned. The diagram of the shield driving mechanism and layout of coordinate
systems are shown in Figure 1.

In this paper, the homogeneous transformation matrix, characterized by solving
the position and attitude simultaneously, was employed to express the transformation
relationship between two coordinate frames {A} and {B}, and it proved to be convenient for
mechanism design and kinematics solution [20,22]. The matrix QT describes the position
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and attitude of the coordinate frame {B} with respect to the coordinate frame {A}, from which
the pose of the shield machine was also obtained. The gT is described in Equation (1) [23]:

4R P
ST: |: BR3x3 3x1 :| (1)

O1x3 1

where §R3X3 denotes the rotation matrix from the coordinate frame {B} to the coordinate

frame {A}. P34 = [ Xy z ] T denotes translation vector from point A to point B, and it
represents the position of coordinate system {B} located in coordinate system {A}.

Lpc L I;

4

Ar;

7 E

Figure 1. Schematic diagram of driving mechanism and the layout of coordinate systems [24]. 1:
cutter head; 2: backplane of the middle shield; 3: front hinge of the ith cylinder; 4: cylinder sleeve; 5:
flange plate attached to the shield; 6: cylinder rod; 7: rear hinge of the ith cylinder; 8: segment ring; 9:
shield shell.

In Figure 1, Lpc denotes the distance from the center of the cutter head to point B; L
denotes the length of cylinder sleeve; I; denotes the stroke of the ith cylinder; R denotes the
internal radius of shield machine; Ry denotes the radius of the distribution of the cylinders;
Ar; denotes the shield tail gap approaching the ith cylinder. The shield diameter was
assumed to be a constant along the longitudinal direction in this study. In this model, the
size of spherical joints were so small relative to other parts that it could be neglected in the
calculation.

Convention: the coordinates of parameters in this paper were automatically selected
as homogeneous coordinates or ordinary coordinates to satisfy the operation.

3.1.2. Rotation Matrix and Euler Angles

The Euler angles (Z-Y-X) in robotics are adopted to describe the attitude of the shield
machine relative to the coordinate frame {A}. Thus, the rotation matrix can be written as
Equation (2) [25,26]:

cpct  cpsOsip —spcyp  cpsOcyp + spsip
AR3.3= RPY($,0,9) = | spc spsbspp + cpcp  spsbcip — cpsip ()
—s0 cOsyp cOcyp

where 1, 6, ¢ denotes roll angle, pitch angle, and yaw angle of the shield machine, respec-
tively; c and s denote cosine and sine, respectively.

An arbitrary vector, Bh = [ x, y, z, 0 }T, in coordinate frame {B} can be repre-
sented as 4h = ‘éTBh in coordinate frame {A}.

Therefore, any pose of the shield machine can be described by a matrix, 4T, containing
six unknown pose variables,(x, y, z, ¢, 6, ¢).
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3.2. Position and Attitude Analysis

The positions of spherical joints B; and A; relative to their respective coordinate frames
{B} and {A} can be expressed by the constant vectors, B; and A;, which can be de described
in homogeneous coordinates as:

Ai=10 ya za 1 }T 3)
T
Bi=[0 yp zp 1]

The layout diagram of thrust cylinders is shown in Figure 2, and y 4;, z4;, YBi, Zpi can

be calculated as follows:
4i = Rocosn = Ry cos 2-)m Bi = Rgcosn = Ry cos 2i—n
Y Ui 7 Y Ui n 4
2(i—1)m (4)
n

2(i-1)7

za; = Rpsinny = Rg sin zp; = Rpsiny = Ry sin
Ai Bi

where R denotes the radius of the distribution of the cylinders; 77 denotes the angle between
the ith hydraulic cylinder and the y-axis; i=1,2,... n.

Figure 2. Layout diagram of thrust cylinders.

According to the geometric characteristics of the parallel mechanism and the homoge-
neous transformation matrix, the position vector of B; with the reference in global frame
{A} can be described as:

AB, = {TB; (5)

Then, the following relationship can be established by using the vector construction
method,

A/B; =1B; - A; (6)
(L+1;)%u; = 4TB; — A; ?)

A #T8B;—A; e ) . .
where “u; = T4T%B,—A,] denotes the unit direction vector of the ith hydraulic cylinder

branch chain in the global frame {A}.
Considering Equations (6) and (7), the stroke of the ith cylinder under a given pose of
shield machine can be obtained as:

I, = \/(gTBi —A;) (ATB;— A;) — L 8)

Thus, the strokes of cylinders can be determined from Equation (8) when the structural
dimensions of the thrust mechanism and pose parameters (x, y, z, ¥, 6, ¢) are given.
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3.3. Inverse Velocity Solving and Jacobian

The speed of the thrust system determines the propulsive efficiency of the shield
machine, so it is important to perform velocity analysis of the thrust system. The previ-
ous research on speed control of the thrust system mainly focused on the elongation or
shortening speed control of a certain group of cylinders based on electro-hydraulic control.
However, the thrust system controls the changes in position and attitude of the shield
machine. The change speed in the shield pose includes both the forward speed and the
rotating speed component. Therefore, the elongation or shortening speed of cylinders is
insufficient to describe the pose change speed of the shield machine. The velocity analysis
model of the thrust system should be established from the equivalent mechanism.

3.3.1. Velocity Analysis
Equation (9) can be derived easily according to Equations (6) and (7),

(L+1)"u; = B; — A ©)
Conduct a dot multiply by itself operation for both sides of Equation (9),
T
(L+1)* = (AB,' - Ai) (ABi - Ai) (10)
Differentiate t on both sides of Equation (10),

Td5T

(L+1;)]; = (ABi —A,-) LB, (11)
where |
A dgR 4
U LI L (12)
dt 013 0
dP
s v (13)
d4R
% =wx 4R (14)

where v = [vy, vy, 0;] Tand w = [y, wy, W] T denote the velocity vector and angular
velocity vector of shield machine relative to the global coordinate frame {A}, respectively.

Therefore, Equation (14) can be derived by substituting Equations (12)-(14) to
Equation (11).

l; = AuiTw X ‘E?RB,- +AuiTv (15)
According to the Lagrange formula,
Ay w x ARB; = (ARB~ x Au )Tw (16)
i B t— \B 1 i
Equation (15) can be further described as
Y o_a, T (a4 A, T
I =20+ (BRBi x ui> w (17)

Equation (17) can be written in matrix form as

L—h{”} (18)
6x1

w

where
Ji= [ Ayt (gRBi X Aui)T ]1% (19)

1
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The relationship between the extension velocity of cylinders and the generalized
velocity of the shield machine can be described explicitly as

1=Jx 20)

L]
where [ is an n-dimensional column vector composed of the extension velocity of each

cylinder; X is a 6-dimensional column vector composed of the velocity vector, v, and angular
velocity vector, w; ] is the Jacobian matrix for the parallel mechanism of shield machine,
and they can be expressed as:

[ ] L] L] L] L] T.
1= {ll,lz, Iy------ ln] X = { ¢ } = [levyzvz/wx/wy/wz]T (21)

AulT (?RBl X Aul)T
Au2T (SRBZ X Auz)T

J=1 : 22)

Ay, T (gRanAun)T 6

The Jacobian matrix, J, not only shows the mapping relationship between the joint
space of each branch chain (thrust cylinder) and the workspace of the shield machine, but
also reveals the linear mapping relationship between the extension velocity of cylinders and
the generalized velocity of the shield machine. Most importantly, Equation (22) involves
only several easily accessible parameters, and the shield machine velocity can be easily
determined using this equation. It will contribute significantly to the precise control of the
speed of the shield machine during the tunneling process.

3.3.2. Angular Velocity and Rate of Euler Angular

For any type of Euler angle, the angular velocity is not simply equal to the rate of
Euler angles, known as:

L] L] L[] T
w # [ v 0 ¢ } (23)
Equation (14) can be written as:

AR = w x 4R (24)

Considering the orthogonality of the rotation matrix, the following can be derived:

wx = 4RAR" (25)

where w X represents the skew-symmetric matrix of the angular velocity vector, and it is
expressed as:

0 —w; Wy
wXx = Wy 0 — Wy (26)
—wy Wy 0

Therefore, the angular velocity vector can be solved by the following three independent
equations:

[ ] [ ] [ )

Wy = 131721 + 132122 + 733723
[ ] [ ) [ ]

Wy = 111731 + 12732 + 713733 27)
[ ] [ ) [ ]

Wz = 121711 + 122712 + 123713

where r;; corresponds to the element in row i and column j of the rotation matrix 4R.
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Equation (27) can be written into matrix-form as:
T . . e 1T
[ wx wy wz]:TO{lpecp} (28)
where T is solved as:
cospcosf —sing 0
To= | singcosf® cos¢p O (29)

—sin@ 0 1

The nonlinear differential equation of Euler angles in the fixed coordinate system can
be solved as:

) (] ] T T
[wg(P}:Tol[wx wy w; | (30)
where

cos ¢ sin ¢

1 cos 0 cos 0
T, = | —sing cos¢ O (31)

cos¢sin®  sin¢sind
cos 0 cos 0

3.4. Inverse Acceleration

Considering the thrust system characterized by large inertia and time delay, the
influence of inertia on the trajectory of the shield machine must be considered. Moreover,
acceleration modeling is the premise of dynamic modeling and speed control.

3.4.1. Acceleration Analysis
Differentiate both sides of Equation (22) with respect to time.

o0 (XY Py

=Jx+]Jx (32)
o0

where [ is an n-dimensional column vector composed of the extension acceleration of

. oo . . . .
each cylinder; x is a 6-dimensional column vector composed of acceleration vector a and
angular acceleration vector, , and they can be expressed as:

o0 o0 00 o0 o0 T..
T - [11,12,13 ...... 1,,] v [ “ } — [ay, ay, 02, 00,y 2] (33)

Differentiate both sides of Equation (22) with respect to time, and the result can be
solved as: . .
(wx4u)”  (wx (§RBy x 4uy))

A
(0 xAu)"  (w x (gRgz x Auy)) T o

(xAu)" (wx (§RBy x 4u3))" |,

3.4.2. Angular Acceleration and Rate of Euler Angular

The angular acceleration, «, is the first derivative of angular velocity, w. Differentiate
both sides of Equation (28) with respect to time, and the angular acceleration can be solved

as:
o0 o0 o0

[ o & ] =To[ § & HTJFTO[ i Al (35)
where . . .
—¢singcost —Ocos¢psinf —¢pcosdp 0
Ty = cZ)coscpcosG—ésin¢>sin9 —ci)simp 0 (36)
~fcosf 0 0
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Figure 3 shows the whole calculation process for the inverse kinematic solutions of the
shield thrust mechanism. On this basis, the calculation program was compiled by MATLAB
R2017b to solve the motion behaviors of the cylinders of the shield thrust mechanism when
the shield machine was tracking a target trajectory.

[ Input Parameters ]
I

' ¢ N\ 4 ¢ N
Structural parameters Target trajectory
of thrust mechanism parameter ecquations
. J \. l J
(" Length of cylinder sleeve: L ) ( )
Cylinder distribution radius: Rq Pose function of shield machine
(_ Coordinate solution of Ai and Bi J L )

- - 1
generalized generalized !
target pose vector . .
velocity vector acceleration vector | l
1

----------------------------------------------------- ’ Pose
___________________________________________________ transformation

! h 4 Y A 4 ' matrix T
_): Pose analysis Velocity analysis acceleration analysis | !

1 1

! . . '

RS Inverse Kl_n_e_"_u_lf_lg& __________________ o

S 2 2 2 X

strokes of cylinders cylinder extension cylinder extension
velocity /' acceleration "'

\ Inverse Kinematics Solutions

Figure 3. Calculation procedure for the inverse kinematic solutions of the shield thrust system.

4. Virtual Prototype Modeling and Simulation

As a widely used modeling technology, the virtual prototype model created by pro-
gram MSC. ADAMS (automatic dynamic analysis of mechanical systems) can reflect the
characteristics of actual products, including appearance, spatial relationship, kinematics
and dynamics characteristics [8,27-31]. With the help of this technology, the mechanical
system model can be built on the computer, accompanied by 3D visualization processing to
simulate the kinematic characteristics of the system in the real environment [32-34]. There-
fore, the virtual prototype modeling of the shield machine was built up in Adams/View to
simulate the kinematic behavior of the shield machine and validate the analytical model
proposed.

4.1. Structural Parameters for the Simulation Model of the Shield Thrust Mechanism

The structure and dimension information of the shield machine used in the simulation
are shown in Table 1.



Appl. Sci. 2022,12, 1431 10 of 17
Table 1. The structure and dimension information of the model.

No. Model Parameters Value
1 Outer diameter of shield (D) 6560 mm
2 Thickness of shield shell (J) 60 mm
3 Radius of the distribution of the cylinders (Rg) 2990 mm
4 Length of shield body (L) 8000 mm
5 Length of the front shield (Lpc) 1800 mm
6 Thrust cylinder specification $220/180 x 2150 mm
7 Number of thrust cylinders (1) 27

As shown in Figure 4, the thrust cylinders are divided into four groups (Group-A,

Group-B, Group-C, and Group D).

Figure 4. Distribution of thrust cylinders in each group.

4.2. Modeling Process and Model Assumptions

The prototype model was built up in ADAMS 2017, as shown in Figure 5. The detailed

modeling process was as follows:

(a)

(b)
(©

(d)

(e)

Firstly, every part of the shield machine was established in Solid Works software, and
then assembled into an assembly model based on the relative position relationships
between parts. According to the assembly of the three-dimensional specific model, it
was saved in the format of parasolid (*.x_t) and imported into Adams.

Assigned attributes to parts of shield machine. Established the constraints, joints
between parts, boundary conditions, motions, and measurements in Adams.

A fixed pair was set between the segment and the ground. One sliding pair and two
spherical pairs were used on each cylinder branch chain according to the motion of
the cylinders.

The “general point motion” was used to plan the trajectory of the shield machine. The
“general point motion” was added at Marker B (the distributing center of front hinges
of cylinders) and the trajectory parameter equation of the marking point was set as:

_ (ot
x = 1500 mm x sin({f5)

1
y =z =25mm x sin({5;) (37)

Establish the corresponding measurements to observe the following variables: ¢, 0, ¢,
Wy, Wy, Wz, &y, &y, &z of Marker B with regarding to Marker A (the distributing center

of the gripper shoes of cylinders), and /, [, [ of all thrust cylinders.
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(f)  Set the duration for simulation as 50 s, so that the driving distance of the shield
machine was exactly 1500 mm. Set the simulation step size as 1 s, that is, the numerical
model will be calculated 50 times in total.

Figure 5. The virtual prototype model of shield machine.

The position and attitude should keep changing continuously and smoothly when the
shield machine is advancing, and satisfy the coordination of position and attitude with
consideration of the coupling. Moreover, the target pose point on the desired trajectory
should be within the workspace of the shield thrust mechanism. The parametric equations
of driving function for target pose were solved based on Equation (37) and further plotted,
as shown in Figure 6.

1800 L L L AL LR S B B B 0.35

1600 o eeed 0-30

1400 [ 0.25

1200 0.20
’é\looo - 00" 015 _
g 800 ‘.‘" —o—TRoll angle |4 (.10 O\q;
‘:: —e— Pitch angle —
g [ —o—Y. le| ] 0.05 %0
g : o4 0.00 g
5] r o
2 200/3 . -0.05 2
o, T eeo - - E
-é 25 r eeeee 0-10 <

20 eeeoeo -0.15

151 e - -0.20

10 Ooeooeeeeeeeeeoe —025

5 “J-030

0 f 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 1 _().35

0 5 10 15 20 25 30 35 40 45 50

Figure 6. Target shield pose parameters variation with time.

Due to the complexity of the shield thrust system, it is impossible to establish a
completely accurate model. In order to obtain the approximate model grasping the main
characteristics, the following assumptions were made in the numerical model:

(1) All parts of the shield machine were rigid bodies;

(2) The clearance and damping of shield thrust system were ignored;

(38) The end face of the segment connected with cylinder shoes was regarded as a smooth
plane.
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5. Comparison of Theoretical and Simulation Results

Figure 7 shows a comparison between the cylinder strokes obtained from the simu-
lation and theoretical results. It can be seen that the mean displacement of cylinders in
each group were linearly related to the advancing distance of the shield machine. In the
set motion mode, the shield machine moved forward and deflected toward the Y-axis and
Z-axis, which explains the phenomenon where the mean displacements of cylinders in
Group A and B were smaller than that in Group C and D. Figure 8 shows the displacement
distribution of the thrust cylinders at the end of the simulation. The final strokes of cylin-
ders in Group A and Group B (top and left groups) were smaller than the reference value
(the driving distance of shield machine), and cylinder strokes in Group C and Group D
were larger than the reference. This is consistent with the movement characteristics of the
shield machine deflecting upward (Y direction) and left (Z direction).

1800 T

Calculation
— = Simulation

1510.7

1600

1400 F
1200 G-A

—_
B (=) o (=3
(=3 (=3 (=3 (=3
(=) S S (=)

T T T

Mean cylinder stroke (mm)

[\
[=3
S

1
005 115

1 1 1
05 115 005 1 15
Driving distance (m)

|
|
|
|
|
|
1
|
|
|
|
|
|
|
|
1
1
0 0

Figure 7. Mean Displacements of thrust cylinders in different groups.

D) 1 27 +—0— Calculation|
- A Simulation
— - — Reference

24

Figure 8. Displacement distribution of thrust cylinders at 50 s (unit: mm).

Figure 9 shows the attitude angles variation with the difference of mean cylinder
strokes between groups. As can be seen from Figure 9, the pitch angle of the shield machine
is in direct ratio to the difference of mean cylinder strokes between Group A and C, and
the yaw angle is in direct ratio to that between Group B and D. The slope of the curve was
related to the structural parameters.
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Figure 9. The attitude angles variation with the difference of mean cylinder strokes.

The cylinder of No.4 (top-left), No.11 (down-left), No.18 (down-right) and No.25
(up-right) were picked out, and their velocity variations with time are plotted in Figure 10.
It can be seen that velocities presented a decreasing trend with time and decreased faster
and faster. The velocity of cylinder No.4 was maximal, and the velocity of cylinder No.18
was minimal. The velocities of cylinder No.11 and No.25 were basically equal. This is
because the shield machine deflected in the direction of top-left.
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Figure 10. Velocity—time diagram of different cylinders.

Figure 11 shows the velocities distribution of thrust cylinders at 10 s and 30 s. It was
found that the velocities of cylinders in Group A and Group B (top and left groups) were
smaller than those in Group C and Group D. It indicated that the velocity of the thrust
cylinder in the deflection direction of the shield machine was the smallest, and that in the
opposite direction, it was the largest.
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Figure 11. Velocity distribution of thrust cylinders (unit: mm/s). (a) t =10s. (b) t=30s.

Figure 12 shows the accelerations of cylinders with time. It can be seen that acceleration
increased with time in the negative direction, but more and more slowly. The acceleration
of cylinder No.4 was minimal, and the velocity of cylinder No.18 is maximal. The velocities
of cylinder No.11 and No.25 were basically equal. As can be seen from Figure 13, the
acceleration distribution of cylinders was different from the velocities. The acceleration
of the thrust cylinder in the deflection direction of the shield machine was the smallest.
Both the difference in velocity and acceleration among cylinders confirmed the movement
characteristics of shield machine.
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Figure 12. Acceleration-time diagram of different cylinders.
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6. Discussions

Overall, our studies established an explicit analytical solution to solve the inverse
kinematics of the shield thrust mechanism. The displacement, velocity, and acceleration of
cylinders that drive the shield machine to the target motions can be solved exactly based on
the proposed model. The comparison of theoretical and simulation results indicated that
the analytical model proposed had high computational accuracy and good applicability.

It was found that the simulation results were slightly larger than the theoretical
results in both velocity and acceleration. This is because the geometric dimensions of
spherical joints were ignored in the theoretical model. However, the difference between the
theoretical and simulation results were within 0.1%, which can be accepted in engineering
practice. The results indicate that both the displacements and velocities of the cylinders in
which direction the shield machine deflects were the smallest and the largest in the opposite
direction. Furthermore, our results suggest that the attitude angle of the shield machine
was in direct ratio to the difference of mean strokes of cylinders in the corresponding
groups, which is helpful for adjusting shield pose in practical engineering.

It is expected that this study can contribute to the real-time control of the shield pose
and precise tracking of a target trajectory. However, the solvability of the inverse kinematic
analysis of the thrust mechanism should be considered. Improper target pose may lead
to no solution of the kinematics of shield machine.In future studies, the determination of
solvable target pose space and pose control strategy will be studied for automatic track
control of shield machines.

7. Conclusions

In this study, an inverse kinematic model was proposed to describe the relationship
between the telescoping movements of cylinders and shield machine motions. A virtual
prototype shield machine was developed to validate the accuracy of the proposed model.
A detailed conclusion can be drawn as follows.

e  The mechanism analysis of the thrust mechanism for the shield machine was carried
out, and the homogeneous transformation matrix was established to describe the
position and attitude of the shield machine explicitly during the tunneling process,
which provides a foundation for the kinematic analysis of shield machine motion.

e A new inverse kinematic model was proposed to describe the relationship between
the telescoping movements of cylinders and shield machine motions. Based on the
proposed model, kinematic analysis of the shield machine was performed. Some basic
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input parameters, such as displacement, velocity, and acceleration, were determined
to drive the shield machine to the desired target motion.

e A virtual prototype model of the thrust mechanism for the shield machine was de-
veloped using ADAMS to simulate its movement mechanism during tunneling. The
angular quantities of the shield machine were obtained from the motion simulation,
and the kinematic parameters of cylinders were determined based on the simulation.

e  The obtained kinematic parameters of cylinders from the simulation were used to
compare with the theoretical model, indicating the proposed model had good applica-
bility.
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