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Abstract 

To improve the adaptability of TBMs in diverse geological environments, this paper proposes a reconfigurable Type-V 
thrust mechanism (V-TM) with rearrangeable working states, in which structural stiffness can be automatically altered 
during operation. Therefore, millions of configurations can be obtained, and thousands of instances of working status 
per configuration can be set respectively. Nonetheless, the complexity of configurations and diversity of working 
states contributes to further complications for the structural stiffness algorithm. This results in challenges such as dif-
ficulty calculating the payload compliance index and the environment adaptability index. To solve this problem, we 
use the configuration matrix to describe the relationship between propelling jacks under reconfiguration and adopt 
pattern vectors to describe the working state of each hydraulic cylinder. Then, both the dynamic compatible equa-
tion between propeller forces of the hydraulic cylinders and driving forces, and the kinematic harmonizing equation 
between the hydraulic cylinder displacements and their deformations are established. Next, we derive the stiffness 
analytical equation using Hooke’s law and the Jacobian Matrix. The proposed approach provides an effective algo-
rithm to support structural rigidity analysis, and lays a solid theoretical foundation for calculating the performance 
indexes of the V-TM. We then analyze the rigidity characteristics of typical configurations under different working 
states, and obtain the main factors affecting structural stiffness of the V-TM. The results show the deviation degree of 
structural parameters in hydraulic cylinders within the same group, and the working status of propelling jacks. Finally, 
our constructive conclusions contribute valuable information for matching and optimization by drawing on the fac-
tors that affect the structural rigidity of the V-TM.

Keywords:  Reconfigurable TBM thrust mechanism, Structural rigidity characteristics, Configuration matrix, Pattern 
vector, Kinematic harmonizing equation, Dynamic compatible equation, Structural stiffness equations

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://
creat​iveco​mmons​.org/licen​ses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes 
were made.

1  Introduction
A Tunnel Boring Machine (TBM) consists of highly 
complex mechatronic equipment used to cut a full-face 
tunnel with hard rock. It bears heavy payload [1], inter-
rupt dynamical payload [2] and intense impact payload 
[3] from diverse geological environments. This results in 

a slowdown in cutting velocity, and an expected reduc-
tion in the lifetime of key components and parts, or a 
deviation in the trajectory of the cutter head, especially 
for tunnels with hard rock [4]. To speed up TBM cutting 
velocity for hard rock, a stronger cutter system should be 
developed [5], with the layout optimized [6–8]. Further-
more, the great cutting forces and cutting torques should 
go through the thruster mechanism (TM). However, this 
can also negatively affect the key components and parts. 
To solve this conflict, payload compliance design theory 
for thrusters of shield machines is established and the 
design method presented by the authors [9]. Payload 
compliance of shield machines [10] and the compliance 
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of the hydraulic system of shield machines [11] have been 
widely studied, though hydraulic stiffness was studied by 
Snowdown, et al. as early as 1983 [12].

The main functions of a TBM thruster include thrust-
ing, gripping, and regripping. Its configuration is much 
more complex than that of a shield machine [4]. Thus, the 
question of how to design and/or develop a new kind of 
TBM thrust system, with high adaptability [13] in diverse 
geological environments, and the capability to effectively 
operate during different steps of the working process, has 
become a major problem to be solved. This paper will 
focus on the structural rigidity characteristics of a new 
type of TBM thruster to help calculate the payload com-
pliance index of the TM.

In fact, to improve the compliance of the TM of a 
shield machine in diverse geological environments, sev-
eral research works have been proposed. Currently, the 
active compliance performance of a given TBM could be 
improved by updating its control methods [14, 15], while 
its passive compliance performance could be improved 
through several different approaches. Such as, to opti-
mize the cuts layout on the cutter head [6, 7], to rear-
range the group dividing of hydraulic cylinders [16–18], 
and to optimize the layout of hydraulic cylinders [19–21].

As shown in Figure  1, to achieve this, a new V-TM 
equipped with 12 jacks (or hydraulic cylinders) is pro-
posed [4, 16, 22]. Based on the reconfiguration method, 
this V-TM consists of millions of configurations, each 
configuration operates in thousands of working states, 
and its structural stiffness can be altered automatically 
during operation.

This V-TM can be used for TBMs, as it is highly 
adaptable in diverse geological environments [16, 
22]. The proposed V-TM can be reconfigured into an 
exact-constrained, an over-constrained or an under-
constrained configuration according to different con-
figuration modes [16]. For each given configuration, the 

driving mode of each hydraulic cylinder can be reset, 
depending on the design demand. Thus, millions of 
thruster configurations can be obtained, and thousands 
of V-TM working states for each configuration can be 
set respectively. Based on the proposed method, the 
structural stiffness of the V-TM can be altered. None-
theless, the complexity of its configurations and the 
diversity of its working states lead to difficulty for the 
structural stiffness algorithm, resulting in further chal-
lenges for calculating the payload compliance index 
and the environment adaptability index. To solve this 
problem efficiently, an effective and convenient stiffness 
analytical equation needs to be developed.

The TMs are typical parallel equipment, and the cal-
culation and optimization of their performance indexes 
are related to the velocity Jacobian matrix and the struc-
tural stiffness matrix [4, 9, 12, 23]. Therefore, the rigidity 
characteristics become one of the primary characteristics 
of a parallel kinematic machine (PKM), and so is for the 
TM. The main purposes of use are as follows: (1) for gen-
eral purpose [12, 23], (2) analyzing performance [9, 24–
27], (3) passive compliance or force control [28, 29], (4) 
rigid body matching [30, 31], and (5) the analysis of TM 
deformation.

It is important to consider that in establishing the stiff-
ness analytical model of the proposed V-TM, existing 
approaches are somewhat different from that of the gen-
eral reconfigurable PKM [32–36]. For redundant Π-TM 
(type-Π thruster mechanisms, two adjacent hydrau-
lic cylinders are parallel), one of the modeling methods 
based on the virtual displacement theorem is proposed 
by Ref. [4], another modeling method is also offered by 
Ref. [36]. The former avoids the problem for calculating 
the TM’s reflecting force, while the latter simplifies the 
TM’s structural complexity. For the V-TM, the modeling 
method based on PKM is also proposed [4]. In this paper, 
a reconfigurable thruster with a rigid modeling method is 
discussed and developed.

The remainder of this paper is organized as follows: To 
solve the problem, the physical model is first established 
in Section 2.1. The configuration matrix is then used to 
describe the relationship between propelling jacks being 
reconfigured. Section  2.2 details the pattern vectors 
adopted to describe the driving modes of each hydrau-
lic cylinder. Section 3 concentrates on the V-TM rigidity 
modeling method with the dynamic compatible equation, 
the kinematic harmonizing equation and the stiffness 
analytical equation derived in Sections  3.3, 3.4 and 3.5 
respectively.

The proposed solution will provide an effective algo-
rithm to support structural stiffness analysis of the 
V-TM, and lay a solid theoretical foundation for calculat-
ing the performance indexes of the V-TM. Based on the Figure 1  3D model of the V-TM system
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proposed stiffness analytical equations derived, the stiff-
ness characteristics of typical configurations and differ-
ent working status are then analyzed in Section  4, with 
a discussion of the main factors affecting structural stiff-
ness of the V-TM. Finally, we present a summary of our 
conclusions in Section 5.

2 � Physical Modeling of the V‑TM
This section focuses on the physical modeling method 
of the V-TM with a description of kinematic parameters 
and reconfiguration.

2.1 � Kinematic Parameters of the V‑TM
Figure 1 represents the 3D solid model of the V-TM sys-
tem discussed here. This consists of gripper mechan-
ics, 12 hydraulic cylinders, and a supporting ring. Each 
hydraulic cylinder is a branch with an SPS kinematic 
chain, where S and P represent a spherical joint and a 
prism joint respectively. To establish its physical model, 
two coordinate systems are appointed to the FP (fixed 
platform, when the cut plate of a TBM is tuning, the grip-
pers of the TBM are fixed on the support surface) and the 
MP (moving platform, the support ring is advanced by 
the thruster). The kinematic sketch of the model is shown 
in Figure 2. The local coordinate system O − xyz attaches 
to the FP, and the global coordinate system P − x′y′z′ 
attaches to the MP respectively. The letter q represents 
the joint variable in Eq. (1):

where li(i = 1, 2, . . . , n) denotes the length of the ith leg 
(or the ith jack), i.e., the distance between the center of 
the two spherical hinges on the ith propelling jack.

As shown in Figure  3, the coordinate of the spherical 
joint Ai (i = 1, 2,…, n) on the FP of the V-TM is described 
in the global coordinate system O − xyz (as shown in 

(1)q =

{

l1, l2, . . . , ln
}T

,

Figure 3a). The coordinate of the spherical joint Bi(i =1, 
2,…, n) on the MP of the V-TM is described in the local 
coordinate system P − x′y′z′ (as shown in Figure  3b). 
Thus, we obtain:

where the direction angles αi and βi of the spherical joints’ 
position can be described by two parameters respec-
tively. They represent the intersection angle Δγ between 

(2)Ai = ra







cosαi
sin αi
0







,Bi = rb







cosβi
sin βi
0







,

Ai

ii O x

y
z

P x

y
z Bi

li

Figure 2  Kinematic sketch of V-TM’s model
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twin legs, and the intersection angle Δφ between two 
adjacent groups. Let us consider Figure 3 as an example, 
Δφa = 30°, Δγa = 10° in Figure 3a, and Δφb = 30°, Δγb = 10° 
in Figure 3b. Thus, we obtain:

where i (i  = 1, 2, …, n) represents the serial number of 
the propelling jack. Let

where γ denotes the wedge angle, and represents the dif-
ferential value between the direction angle of the corre-
sponding spherical joint Ai on the FP and the joint Bi on 
the MP, which is the main characteristics parameter of 
the V-TM.

To describe the location of the MP, we name X as the 
generalized displacement (sometimes called position or 
location for short):

where P and θ denote the position of the center point on 
the FP, and the relative rotation angle of the MP to the FP 
respectively.

2.2 � Reconfiguration Method of the V‑TM
The model being studied here is not limited to the fixed 
symmetric structure as shown above; the drives are 
divided into several groups m (m =3, 4, …). As shown 

(3)
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in Figure  4, depending on different application require-
ments, each hydraulic cylinder can become subordinate 
to different groups through a reconfigurable hydraulic 
driving system.

Figure  4 demonstrates that two given hydraulic jacks 
can be manually cut off by a cut-off value, or automatically 
cut off by an electromagnetic cartridge value based on 
different reconfiguration requirements. To describe the 
reconfiguration relationship between the hydraulic cylin-
ders and the driving groups, the configuration matrix N is 
created, and its element nij is defined as follows:

where m represents the group number of hydraulic cylin-
ders (same as the number of drivers). Here, several exam-
ples of specified configurations are presented in Eq. (7):

where ei denotes an n-dimension unit vector, N1 denotes 
an under-constrained (or under-driven) configuration, 
which puts all hydraulic cylinders into one group, has 6 
degrees of freedom, but only one driver. N2 denotes an 
over-constrained (over-driven) configuration, which puts 
each hydraulic cylinder into an individual group, has 6 
degrees of freedom, but 12 drivers. N3 denotes an exact-
constrained configuration, which puts two adjacent and a 
near hydraulic cylinders into one group and has 6 degrees 

(6)
nij =

{

1, denotes (rod i) ∈ [group j],
0, denotes (rod i) /∈ [group j],

i = 1, 2, . . . , n; j = 1, 2, . . . ,m,

(7)
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N 1 = [e1, e1, e1, e1, e1, e1, e1, e1, e1, e1, e1, e1],
N 2 = [e1, e2, e3, e4, e5, e6, e7, e8, e9, e10, e11, e12],
N 3 = [e1, e1, e2, e2, e3, e3, e4, e4, e5, e5, e6, e6],
N 4 = [e1, e2, e2, e3, e3, e4, e4, e5, e5, e6, e6, e1],
N 5 = [e1, e1, e2, e2, e3, e3, e4, e5, e5, e6, e7, e7],
N 6 = [0, e1, e2, e2, e3, e3, e4, e5, e5, e6, e7, e7],

Figure 4  Reconfigurable hydraulic driving system
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of freedom. N4 denotes a singularity configuration, which 
puts two adjacent and afar hydraulic cylinders into one 
group, has 5 valid degrees of freedom and 1 invalid local 
degree of freedom, sharing characteristics of both the 
over-constrained mechanism and the under-constrained 
mechanism. N5 and N6 denote two over-constrained 
configurations with 6 degrees of freedom and 7 drives, 
except hydraulic cylinder No. 1, which is not assigned to 
any group (not in working status) in N6.

Besides, two chambers of each hydraulic jack can con-
nect with a two-position three-war value based on differ-
ent driving modes. Thus, each hydraulic jack could work 
under both conventional drive mode (or routine drive 
mode), and differential drive mode. The working pattern 
vector M describes the driving modes of each hydraulic 
cylinder. The element mi of vector M is defined as follows:

According to the definitions mentioned above, the 
mechanism described here consists of 7n different con-
figurations in total theoretically, with each configuration 
possessing 2n−k (k represents the number of hydraulic 
cylinders not in working states) types of working states. 
Taking the V-TM described in Figure  3 for instance, 
there are 712 (around 1.38 × 1010) different configurations 
in total, assuming all hydraulic cylinders are in working 
status, there would be 212(4096) different working states 
in total. Taking the V-TM described in Figure  4 as an 
example, there are only 3 cut-off valves, thus there are 23 
different configurations in total, assuming all hydraulic 
cylinders are in working status, there would be 26 differ-
ent working states in total.

3 � Rigidity Modeling of the V‑TM
This section focuses on the V-TM rigidity modeling 
method. Based on the physical model of the V-TM 
established in Section  2, both the dynamic compatible 
equation between the propeller forces of the hydraulic 
cylinders and driving forces, and the kinematic harmo-
nizing equation between the hydraulic cylinder displace-
ments and their deformations will be established. The 
stiffness analytical equation will then be derived using 
Hooke’s law and the Jacobian Matrix.

These equations will provide an effective algorithm 
to support structural stiffness analysis, and lay a solid 
theoretical foundation for calculating the performance 
indexes of the V-TM.

(8)
mi =

{

0, denotes conventional driver mode,
1, denotes differential driver mode,

i = 1, 2, . . . , n.

3.1 � Rigidity Modeling of the Propelling Jack
This section will explain the modeling method for each 
jack in the V-TM, which consists of a type SPS hydrau-
lic cylinder. Its kinematic sketch is described in Figure 5. 
According to Ref. [4] its stiffness calculation formula is 
Eq. (9):

where kqi, li and si (i =1, 2, …, n) represent the stiffness, 
length and displacement of the ith (i = 1, 2, …, n) hydrau-
lic cylinder. dc represents the internal diameter of the 
cylinder block, lp and dp represent the length and the 
external diameter of the piston rod. lC and dC represent 
the length and external diameter of the cylinder joint, EH 
and ES represent the elastic modulus of the hydraulic oil 
and the steel, and le represents the equivalent hydrau-
lic cylinder length of the hydraulic circuit, respectively. 
When hydraulic cylinders are working in differential 
drive mode, the equation should also consider the fac-
tor that the hydraulic oil extrudes from the chamber with 
the piston rod to the chamber without the piston rod. 
According to the deformation compatible conditions of 
the hydraulic oil, we can obtain:

where H represents the stroke of the hydraulic cylinder. 
Combining Eq. (10) with the hydraulic cylinder driving 
mode definition Eq. (8), we obtain:

where Ae
i = π(d2C −mid

2
P) represents the effective area 

of the hydraulic cylinder, Eq. (11) is the stiffness equation 
for the type SPS hydraulic cylinder.
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Figure 5  Kinematic sketch of type SPS-Cylinder
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3.2 � Kinematics and Dynamics of the V‑TM
As a type of PKM, the inverse kinematic solution of the 
V-TM, is easily obtained according to the geometric 
equations.

where P and R represent the center position and the ori-
entation matrix of the MP, ui is the direction vector of 
the ith hydraulic cylinder. According to the differential 
kinematic principle, we get:

where H represents the velocity inverse Jacobian matrix, 
each column of H represents the unit linear vector of the 
ith leg (in Plücker coordinate); this describes the rela-
tionship between the joint velocity l̇i and the MP’s gen-
eralized velocity Ẋ . According to the duality relationship 
between motion and force, we get the basic dynamics 
equation as follows:

where F represents the generalized force, and 
τ = {τ1 τ2 . . . τn}

T represents the joint force.

3.3 � Dynamic Compatible Equation
As mentioned above, the V-TM studied here could be an 
over-constrained or an under-constrained configuration, 
and its driving force must satisfy the following constraint 
conditions:

where Pi denotes the pressure of the ith jack. We name 
P∗ =

{

P∗
1 P∗

2 . . . P∗
m

}T  as the driving pressure in each 
group, according to the principle that the pressure inside 
the hydraulic cylinders is equal within the same group, 
we can obtain:

where N represents the configuration matrix defined 
in Eq. (6). This equation has described the relationship 
between the driving forces in each group and the joint 
force τi. Therefore, we obtain:

(12)
{

li = �RBi + P − Ai�,
ui = (RBi + P − Ai)/li,

i = 1, 2, . . . , n,

(13)

l̇ = HẊ , HT =

[

u1 u2 · · · un

RB1 × u1 RB2 × u2 · · · RBn × un

]

6×n

,

(14)F = HT
τ ,

(15)

Pi = Pj , when

m
∑

k=1

niknjk ≥ 1, i, j = 1, 2, . . . , n,

(16)P = NP∗, pi = τi
/

Ae
i ,

(17)τ
∗ · u∗ =

(

NT
τ

)

· u, τ ∗i = A∗
i P

∗
i ,

where τ ∗i ,A
∗
i  represent the ith joint force and effective 

area of the equivalent hydraulic cylinder.

3.4 � Kinematic Harmonizing Equation
By subset Eq. (17) to Eq. (16), we get:

where δl and δl∗ represent the micro or virtual displace-
ment of each hydraulic cylinder and each group. Fur-
thermore, considering the hydraulic oil could flow freely 
among different hydraulic cylinders within the same 
group. This will result in:

where δl0 =
{

δl01 , δl
0
2 , . . . , δl

0
n

}T , and δl0i  represents the 
micro displacement equivalent to the flux in and out of 
the ith hydraulic cylinder. Eq. (18) and Eq. (19) are the 
kinematic harmonizing equations of the V-TM.

3.5 � Stiffness Equation of the V‑TM
According to Hooke’s law for single DOF, we can obtain 
the basic stiffness equations of the hydraulic cylinders as 
follows:

where the differential value between δli and δl0i  is the real 
deformation of hydraulic oil in the ith hydraulic cylin-
der. According to Hooke’s law for a mechanism, we can 
obtain the stiffness equation of the moving platform as 
follows:

where K and δX represent the stiffness matrix and the 
micro deformation of the MP. Assume each hydraulic 
cylinder is driven independently, i.e., δl0 = {0} , according 
to Eqs. (13)‒(21), we can obtain:

The equation above is valid for δX being any generalized 
virtual displacement vector, thus:

The equation above is the stiffness equation of the 
V-TM when each hydraulic cylinder is driven individu-
ally. The equation indicates that when each hydraulic 
cylinder is driven individually, the mechanism stiffness 
matrix K is the similitude transformation of hydraulic 
cylinder stiffness matrix Kq, and the similitude trans-
formation matrix is the inverse Jacobian matrix H. If we 

(18)A∗δl∗ = NTAeδl,

(19)NTδl0 = {0},

(20)
τi = kqi

(

δli − δl0i

)

, K q = diag
{

kq1, kq2, . . . , kqn
}

,

(21)F = K δX ,

(22)FTδX = HTK qHδX .

(23)K = HTK qH .
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assume the hydraulic cylinders are driven by groups, 
according to Eqs. (13)‒(21), we can obtain:

The equation above is valid for any joint force τ, thus:

By transferring Eq. (25), we get:

This is the stiffness equation of the V-TM for general 
purpose. When driven independently, N will be an iden-
tity matrix, and the equation can be simplified to Eq. (23).

4 � Study of the Rigidity Characteristics
Based on the V-TM’s stiffness equation described in Sec-
tion 3, several case studies will be presented. We there-
fore consider several typical configurations.

For the convenience of experimental verification of the 
results, the rigidity characteristics of a scaled V-TM with 
ratio 1:10 to normal size is studied here. The length of 
its hydraulic cylinder li is 540 mm. The designed param-
eters of its MP and FP are as follows: ra = 403.278  mm, 
rb = 378.948  mm; γ = 20°; Δφa = 30°0′2″, Δγa = 11°37′9″; 
Δφb = 56°59′45″, Δγb = 11°37′9″.

4.1 � Rigidity Characteristics of Single Jack
This section focuses on a comparison between the rigid-
ity characteristics of a single jack in two different driving 
modes. The rigidity characteristics of a single jack can 
be expressed as its linear structural stiffness. Suppose 
the equivalent hydraulic cylinder length of the hydrau-
lic pipes le = 100 mm, according to its stiffness equation 
(Eq. 11), the stiffness curves of the SPS propelling jack are 
shown in Figure 6.

Figure 6 demonstrates that the stiffness of the hydraulic 
cylinder decreases while its displacement (i.e., the posi-
tion of the hydraulic cylinder) increases, and the stiffness 
in differential drive mode is obviously lower than the 
stiffness in conventional drive mode. Let

where kd, kc and ξr represent the stiffness in differential 
drive mode, the stiffness in conventional drive mode, and 
their relative value. Then, relative stiffness ξr will vary 
depending on the equivalent hydraulic cylinder length of 
the hydraulic pipes le and the position of the cylinder as 
shown in Figure 7.

(24)NTK−1
q τ = NTδl = NTHK−1HT

τ .

(25)NTK−1
q N =

(

HTN
)T

K−1
(

HTN
)

.

(26)K =

(

NTH
)T(

NTK−1
q N

)−1(

NTH
)

.

(27)ξr = kd/kc,

Figure  7 demonstrates that given the equivalent 
hydraulic cylinder length of the hydraulic pipes le, the 
position of the cylinder has little effect on the relative 
stiffness ξr. Given the position of the cylinder, the relative 
stiffness ξr is proportional to the equivalent hydraulic cyl-
inder length of the hydraulic pipes le.

4.2 � Rigidity Characteristics of the V‑TM’s Different 
Configurations

This section focuses on the rigidity characteristics and 
different configurations of the V-TM. For convenience, 
the three shifting axes are named the X-axis, Y-axis, and 
Z-axis, and the three rotating axes are named the A-axis, 
B-axis, and C-axis respectively. By using Eq. (26) in ana-
lyzing the typical configuration described in Eq. (7), the 
V-TM’s stiffness matrix can be obtained. The main stiff-
ness of each axis can be used to express its rigidity char-
acteristics, the results are shown in Figure 8.

Figure 8 demonstrates that the stiffness on the Z-axis, 
A-axis and B-axis is much higher than the stiffness on the 
X-axis, Y-axis and C-axis. For two anear hydraulic cyl-
inders, the over-constrained drive mode provides them 
with slightly higher stiffness than the exact-constrained 
drive mode. For the under-constrained configuration 
N1, its main stiffness is none, zero on the Z-axis alone. 
For the singularity configuration N4, its stiffness on the 
C-axis is zero.

Once the jacks are given and their working states are 
set, the stiffness along the Z-axis is not affected by the 
reconfiguration or the grouping of hydraulic cylinders. 
The stiffness along the Z-axis could only be altered by 
deactivating certain propelling jacks (e.g., the configura-
tion N5) or the working states of the jacks.

4.3 � Rigidity Characteristics of Different Working States 
of the V‑TM’s

This section focuses on the rigidity characteristics of 
the V-TM’s that have worked in different states for the 

Figure 6  Stiffness curve of SPS propelling jack
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given configurations. Two typical configurations will be 
discussed here. The first is an exact-constrained sym-
metrical configuration N3, and the second is an over-
constrained unsymmetrical configuration N6. The main 
stiffness of each axis is used to express its rigidity charac-
teristics as described in Section 4.2.

4.3.1 � Exact‑constrained Symmetrical Configuration
For the configuration N3, all propelling jacks participate 
in propelling duty, and there are 212 = 4096 working 
states in total. The main stiffness that covers the X-axis, 
Y-axis, and Z-axis in different working states is shown in 
Figures 9, 10, 11.

Figure 7  Relative stiffness of SPS propelling jack

Figure 8  Thrust mechanism stiffness curves of different configurations
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Figures 9, 10, 11 demonstrate that the stiffness on the 
Z-axis is much higher than the stiffness on the X-axis 
and Y-axis. The main stiffness on each axis varies sub-
stantially via different working states, thus providing an 
advantage in matching its stiffness. For the configuration 
described above, the stiffness on the A- axis, B-axis and 
C-axis will satisfy:

(28)ξk = kA/kY = kB/kX = kZ/kC ,

where the ratio ξk is proportional to the position of the 
MP, and is independent of working states. Let us take 
configuration N3 as an example; the relative stiffness ratio 
(ξk) is defined as the ration of linear stiffness (stiffness of 
Z-axis) to its gyro stiffness (stiffness of C-axis). Figure 12 
shows that its relative stiffness ratio (ξk) is directly pro-
portional to the position of MP (i.e., the length of the 
hydraulic cylinder).

Figure 9  Main stiffness distribution on X-axis

Figure 10  Main stiffness distribution on Y-axis
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4.3.2 � Over‑constrained Unsymmetrical Configuration
As mentioned in Section  2.2, the configuration N6 
described in Eq. (7) has seven drives creating one over-
constraint. This configuration has 211=2048 working 
states in total. Its relative stiffness ξk corresponds to the 

working states as described in Section 4.3.1, and is shown 
in Figure 13.

Figure 13 demonstrates that the relative stiffness ratio 
ξk is no longer a fixed value, as its distribution varies 
within a certain range. For the given configuration N6, 
the relative stiffness along the B-axis to the Y-axis is the 

Figure 11  Main stiffness distribution on Z-axis

Figure 12  Relative stiffness ratio (ξk) of the N3 configuration
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smallest, with a lower fluctuating range, and the relative 
stiffness along the A-axis to the X-axis is the largest, with 
a higher fluctuating range. The stiffness along the Y-axis 
is obviously smaller than the stiffness along the X-axis. 
This type of configuration is suitable for the uneven turn-
ing face of the TBM.

5 � Conclusions

(1)	 This research proposes a feasible reconfigurable 
method with the configuration matrix used to 
describe the relationship between propelling jacks 
undergoing reconfiguration. Based upon this, the 
V-TM can be reconfigured to exact-constrained, 
over-constrained, and/or under-constrained config-
urations, and its stiffness can be altered on demand. 
Furthermore, a feasible method to reset the work-
ing states of the hydraulic cylinders of the V-TM 
has been proposed, with the working pattern vec-
tor adopted to describe the driving modes of each 
hydraulic cylinder. The V-TM can operate in thou-
sands of states, and its stiffness can be adapted to 
match the requirements of the environment.

(2)	 Based on the dynamic compatible equation and 
the kinematic harmonizing equation, the rigidity 
modeling method of the reconfigurable V-TM is 
presented, and its concise stiffness equation estab-
lished. The proposed method provides an effective 
algorithm for the structural stiffness of the V-TM, 
and this lays a solid theoretical foundation for cal-
culating performance indexes.

(3)	 The stiffness of the jack is inversely proportional 
to its displacement, and the stiffness in differential 
drive mode is obviously lower than that of the gen-
eralized drive mode. This is one of the main factors 
affecting structural rigidity of the V-TM. When the 
configuration of the V-TM is provided, via altering 
the driving modes of each jack, the stiffness along 
each axis could be efficiently altered, except for the 
stiffness alone the Z-axis.

(4)	 For two nearby and a near hydraulic cylinders, 
over-constrained drive mode (in different groups) 
provides them with slightly higher stiffness than 
exact-constrained drive mode (in the same group), 
for their location, deviations are small. However, for 
two nearby and afar hydraulic cylinders, over-con-
strained drive mode (in different groups) provides 
them with obviously lower stiffness than the exact-
constrained drive mode (in the same group), for 
their location, deviations are high. This is another 
main factor that affects the structural rigidity of the 
V-TM, and provides useful information for match-
ing and optimizing V-TM structural rigidity.
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