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Abstract
Shotcrete manipulator has been widely used in the construction of high-speed railways, coal mines and other tunnels. At 
present, workers are still using the remote controller to control the manipulator for spraying operations. There are problems 
such as high operation risk, large personal injuries, and low construction quality. In order to improve the automation of tunnel 
construction, this paper proposes a spraying motion planning method based on an 8R manipulator arm. On the basis of kin-
ematics modeling and analysis of the shotcrete manipulator, method design and motion planning of shotcrete are carried out 
according to tunnel conditions, and verification experiments are carried out in actual tunnel. The experimental results show 
that the precision of the automatic spraying method is less than 45 m, which can meet the requirements of actual construction.

Keywords Shotcrete manipulator · Manipulator automatic spraying · Redundant manipulator · Analytical method · Method 
of shotcrete operation · Motion planning · Block spraying

1 Introduction

In the 1960s, on the basis of summarizing the tunnel con-
struction experience of his country, Professor L. V. Rabce-
wicz of Austria proposed an advanced construction method 
"New Austrian Tunneling Method," which was based on the 
theory of tunnel engineering experience and rock mechan-
ics. The foundation combines the anchor rod and shotcrete 
as a construction method as the main support method [1]. 
Shotcrete support is a key element of the "new Austrian Tun-
neling Method," which is the abbreviation of shotcrete sup-
port and bolt support. It is widely used in railway highway 
tunnels, underground buildings, various mines and water 
resources and hydropower engineering around the world, 
moreover promoted the rapid development of shotcrete 
technology.

Shotcrete is to use compressed air or other power to 
transport concrete mixed with a certain proportion along 
the pipeline to the nozzle, and the concrete is sprayed verti-
cally onto the surface at a very high speed. The continuous 
impact of cement and aggregate during the spraying process 
relies on the quick-setting agent to press tightly in a short 

time to form concrete with various strengths, thus forming 
a concrete supporting layer. At present, tunnel construction 
mainly adopts manual operation. Workers control the shot-
crete manipulator through the handheld remote controller to 
perform spraying operations. There are many problems in 
this operation mode [2, 3].

(1) A large amount of dust generated during the spraying 
operation of the shotcrete manipulator will block the opera-
tor’s line of sight, resulting in the operator not being able to 
accurately grasp the condition of the surface to be sprayed 
and the position and posture of the spraying nozzle, resulting 
in a low spray quality for manual operations.

(2) The situation in the tunnel is complicated and unsta-
ble, and there is a risk of rock burst and rockfall, which poses 
a threat to the personal safety of the workers.

(3) The rebound phenomenon during shotcrete will 
produce a large amount of dust. The dust contains a large 
amount of quick-setting agent. The dust inhaled by workers 
will cause great harm to the body and cause pneumoconiosis 
and even cancer.

(4) The operator generally needs to control multiple han-
dles to manipulate multiple joints of the manipulator, which 
is difficult to operate and requires the operator to have excel-
lent skills. At present, there is a shortage of skilled operators.

The best way to solve the above problems is to realize 
automatic spraying of the shotcrete manipulator. The auto-
matic spraying of the shotcrete manipulator can not only 
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free people from the harsh spraying environment, protect the 
safety and health of the workers, but also ensure the quality 
of the sprayed layer and improve the work efficiency. There-
fore, it is very necessary to carry out research on automatic 
spraying of the shotcrete manipulator.

To realize the automatic spraying operation of the shot-
crete manipulator. First, a 3-d laser scanner is used as an 
environmental sensor to complete the three-dimensional 
scanning of the surface to be sprayed and obtain point cloud 
data. Then, the point cloud data are processed to obtain the 
actual contour of the tunnel to be sprayed. By comparing 
the actual contour and the design contour, accurate location 
information of the various areas to be sprayed is obtained, 
therefore the square volume of sprayed concrete required can 
be calculated. Through the path planning of the shotcrete 
manipulator, the position and posture information of the 
spraying nozzle is obtained, and then the kinematics inverse 
solution is obtained to obtain the joint variables. Finally, 
the lower computer controls the movement of each joint to 
realize the automatic operation of the shotcrete manipulator.

2  Related work

Shotcrete manipulator is typical redundant manipulator. 
At present, there is little research on inverse kinematics of 
redundant manipulator. D.E. Whitney obtains the inverse 
kinematics solution of the redundant manipulator by mini-
mum norm method [4]. Koker used neural network to cal-
culate the inverse kinematics of redundant robots, and used 
genetic algorithm to optimize the accuracy of solution [5]. 
However, the above methods are difficult to meet the real-
time requirements of industry, they are usually only used 
for offline calculations. S. Guo and H.J. Cheng proposed an 
algebraic method to solve the inverse kinematics of 7-DOF 
redundant manipulator by increasing the number of known 
variables. This method has strong real-time performance and 
small computation [6]. M. Shimizu, H. Kakuya and W. Yoon 
used the parametric method to study the SRS robot arm, but 
due to the limitation of the mechanical structure, this method 
is not suitable for our research object [7].

Intelligent controls can automatically drive intelligent 
machines to achieve control goals without human interven-
tion. Applying intelligent control technology to the con-
trol of the shotcrete manipulator can solve the problem of 
complex and uncertain environment during shotcrete. Q. 
Zhang proposed an intelligent control theory of earth-rock 
dam compaction combining intelligent decision-making 
and automatic control to achieve intelligent control of the 
earth-rock dam compaction process and improve compac-
tion quality and efficiency [8]. S. Ko, A. Nakazawa and Y. 
Kurose proposed a method of dynamic automatic control 
of motion to improve the accuracy of neurosurgical robots 

[9]. W.B. Rowe, Y. Chen, J.L. Moruzzi and B. Mills applied 
intelligent control to the grinding process and developed a 
general intelligent grinding control system [10]. Z.X. Cai 
detailed the application of intelligent control in robot plan-
ning and control [11].

G Girmscheid and M.Y. Cheng have carried out related 
research work on the automatic spraying of the shotcrete 
manipulator. G. Girmscheid and S. Moser introduced a 
shotcrete machine with three working states (manual, semi-
automatic, and fully automatic) under development. The 
shotcrete machine measures the actual contour of the tunnel 
through the laser measurement system and compares it with 
the designed contour of the tunnel. Contour comparison and 
calculation of the thickness to be sprayed, in order to plan 
the movement of the shotcrete manipulator, so as to realize 
the automatic operation of the wet spraying machine [12]. 
M.Y. Cheng improved a 6-R shotcrete manipulator, used 
a contour graph to measure the tunnel excavation surface, 
and used a simulation model to calculate the spray nozzle 
path, which improved the automation of the wet sprayer 
system [13]. R. Berenstein and Y. Edan proposed an auto-
matic spraying technology that uses industrial cameras to 
capture the information of the target to be sprayed, and 
then uses the target detection method to set the automatic 
spraying task [14]. H. Wang analyzed the trajectory of the 
shotcrete manipulator, proposed an optimal trajectory plan-
ning method for shotcrete manipulator based on cubic spline 
interpolation, and completed the trajectory planning of the 
shotcrete manipulator using this method [15]. G.Z. Tan and 
Y.C. Wang proposed a time-optimal trajectory planning and 
trajectory control method for industrial robots, which can 
ensure the motion of a robot’s hand along a specified path in 
Cartesian space has the minimum traveling time under the 
constraints on the boundary values of joint displacements, 
velocities, accelerations, and jerks [16]. S.F.P. Saramago 
and V.S. Junior proposed a method to compute the optimal 
motions of robot in the presence of moving obstacles. In 
this algorithm, the optimal traveling time and the minimum 
mechanical energy of the actuators are together to build a 
multicriterion function [17].

At present, the research on the automatic spraying of the 
shotcrete manipulator is mainly aimed at the tunnels with 
regular contour after excavation, but the tunnels are mainly 
excavated by blasting. There are two cases of over excava-
tion and under excavation on the tunnel surface, so these 
studies have little practical application value. This paper 
presents an automatic spraying method of shotcrete manipu-
lator based on the HPS3016C shotcrete machine of China 
Railway Construction Heavy Industry Corporation Limited, 
which combines three-dimensional environment recognition, 
robotics, robot motion planning and other technologies. The 
application of the automatic spraying method of the shot-
crete manipulator can make the spraying manipulator adapt 
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to the contours of tunnels of different sizes, accurately detect 
the over-under excavation of the surface to be sprayed, plan 
the spraying path, and automatically spray the concrete.

3  Kinematic Analysis of Wet Spray 
Manipulator

Accurate calculation of the position and posture of the shot-
crete manipulator in space is a prerequisite for motion plan-
ning, so it is necessary to establish a mathematical model 
of the shotcrete manipulator and analyze its forward and 
inverse kinematics. The research object of this paper is 
HPS3016C, whose structure is shown in Fig. 1, is an 8R 
manipulator. The 8 degrees of freedom are: base rotation, 
first-arm pitch, first-arm extension, second-arm rotation, 
third-arm rotation, third-arm extension, nozzle horizontal 
rotation, and nozzle vertical rotation.

The D-H method is used to establish the mathematical 
model of the manipulator, and the link coordinate system 
of the robotic arm is established as shown in Fig. 2, and the 
corresponding D-H parameters are shown in Table 1.

The forward kinematics model based on the D-H parameter 
table can obtain the position and posture of the end of the robot 
arm at any joint angle or displacement. The results of positive 
kinematics of the shotcrete manipulator studied are as follows:

The vector form of the transformation matrix T
8
 is given 

as follows:

(1)T
8
=

�
n o a P

0 0 0 1

�
=

⎡
⎢⎢⎢⎣

nx ox ax Px

ny oy ay Py

nz oz az Pz

0 0 0 1

⎤⎥⎥⎥⎦

(2)nx = C
8

(3)ny = C
7
S
8

(4)nz = S
7
S
8

(5)ox = −S
8

(6)oy = C
7
C
8

(7)oz = S
7
C
8

Figure. 1  HPS3016C shotcrete manipulator structure

Figure. 2  HPS3016C shotcrete manipulator link coordinate system

Table 1  D-H parameters of shotcrete manipulator

Joint number Joint variable � d a �

1 �
1

�
1

l
1

0 90◦

2 �
2

�
2
+ 90◦ 0 0 90◦

3 d
3

0 d
3
+ l

2
l
3

−90◦

4 �
4

�
4
+ 90◦ 0 l

4
−90◦

5 �
5

�
5
+ 90◦ l

6
l
5

−90◦

6 d
6

0 d
6
+ l

7
0 0

7 �
7

�
7

l
8

0 90◦

8 �
8

�
8
+ 90◦ l

9
l
10

0
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The shotcrete manipulator studied has 8 degrees of free-
dom, so it belongs to redundant manipulator. There are 
infinite sets of solutions for the poses of specific points in 
the operating space. Considering the actual operation of 
the shotcrete manipulator, the third-arm must be consist-
ent with the tunnel footage. We make joint 2 and 4, joint 1 
and 5 move together so that the sum of joint variables for 
joint 2 and 4 is 180 degrees and the sum of joint variables 
for joint 1 and 5 is 180 degrees. In this way, 2 degrees of 
freedom are reduced, and the problem studied becomes 
the inverse kinematics solution of the 6 degree of freedom 
manipulator. The specific inverse kinematics calculation 
process is given as follows:

(1) solve �
1
.

The transformation matrix from the coordinate system 4 
at the end of the third-arm to the base coordinate is given 
as follows:

Multiply the transformation matrix of the first 4 joints:

From (14) and (15), the (1, 4) elements are equal, we 
can obtain:

During the operation of the shotcrete manipulator, the 
end of the third-arm always moves in the same vertical sec-
tion, so the coordinate of the shotcrete manipulator in the 
X-axis direction in the basic coordinate system is a fixed 
value. Therefore, in Eq. (14),  P4X in the transformation 

(8)ax = 0

(9)ay = −S
7

(10)az = C
7

(11)
Px = d

6
+ l

7
+ l

8
+ l

4
C
1
+ l

10
C
8
− l

3
C
1
S
2
+
(
d
3
+ l

2

)
C
1
C
2

(12)
Py = −l

5
+ l

4
S
1
− l

9
S
7
− l

3
S
1
S
2
+ l

10
C
7
S
8
+
(
d
3
+ l

2

)
S
1
C
2

(13)Pz = l
1
+ l

6
+ l

3
C
2
+ l

9
C
7
+ l

10
S
7
S
8
+
(
d
3
+ l

2

)
S
2

(14)T
4
=

�
n
4

0

o
4

0

a
4

0

P
4

1

�
=

⎡
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n
4x o

4x a
4x P

4x

n
4y o

4y a
4y P

4y

n
4z o

4z a
4z P

4z

0 0 0 1

⎤⎥⎥⎥⎦

(15)

T
4
=
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1
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24
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1
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1
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24

−l
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C
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2

�
C
1
C
2

−S
1
C
24

C
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S
1
S
24

−l
3
S
1
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2
− l

4
S
1
C
24
+
�
d
3
+ l

2

�
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C
2

−S
24
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l
1
+ l

3
C
2
− l

4
S
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+
�
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3
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(16)P
4x = l

4
C
1
− l
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1
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2
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(
d
3
+ l

2

)
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2

matrix  T4 is a constant. It is assumed that  P4X is a constant 
m, that is:

From Eqs. (6), (9), (12), and (17), we can obtain:

(2) solve �
2
 and d

3
.

From Eqs. (4), (10), (13), we can obtain:

Suppose:Pz − l
1
− l

6
− azl9 − nzl10 = J.

From Eq. (17), we can obtain:

Suppose:m
C1

− l
4
= K.

From Eqs. (19), (20), we can obtain:

(3) solve �
4
.

Since the sum of the joint variable of joint 2 and the joint 
variable of joint 4 is 180°, the joint variable �

4
 is given as 

follows:

(4) solve �
5
.

Since the sum of the joint variable of joint 1 and the joint 
variable of joint 5 is 180°, the joint variable �

5
 is given as 

follows:

(5) solve d
6
.

Substituting Eq. (1) and Eq. (17) into Eq. (11) gives:

so:

(6) solve �
7
.

From formula (9), we can obtain:

(7) solve �
8
.

(17)l
4
C
1
− l

3
C
1
S
2
+
(
d
3
+ l

2

)
C
1
C
2
= m

(18)�
1
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5
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m
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2
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3
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2

)
S
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1
− l

6
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(20)−l
3
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2
+
(
d
3
+ l

2

)
C
2
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m

C
1

− l
4

(21)d
3
=

√
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3
− l

2

(22)�
2
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J
(
d
3
+ l

2

)
− Kl

3

K
(
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+ l

2

)
+ Jl

3

(23)�
4
= 180

◦ − �
2

(24)�
5
= 180

◦ − �
1

(25)Px = d
6
+ l

7
+ l

8
+ nxl10 + m

(26)d
6
= Px − l

7
− l

8
− nxl10 − m
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From formula (12), we can obtain:

When the target position and posture of the nozzle are 
known, the inverse kinematics can be used to accurately 
calculate the joint value. The motion planning of the shot-
crete manipulator is actually planning the target position and 
posture of the manipulator nozzle in the tunnel space. The 
target position and posture of the nozzle are determined by 
path planning.

4  Operation planning of the shotcrete 
manipulator

4.1  Automatic spraying operation method 
of the shotcrete manipulator

In order to improve the quality of concrete spraying, reduce 
the amount of rebound of concrete, and improve the com-
pressive strength of concrete, it is necessary to investigate 
the characteristics of the shotcrete operation, explore the 
influence of spraying parameters on the quality of concrete, 
and design a reasonable operation process and spraying 
parameters. For the automatic spraying operation of the 
shotcrete manipulator, we studied the automatic spraying 
method of the shotcrete manipulator.

The automatic spraying operation method of the shotcrete 
manipulator adopts spraying in stages and zoning strategies. 
The flow of the automatic spraying operation is shown in 
Fig. 3. The spraying operation is divided into four stages 
in a staged spraying mode. These four stages are: Patching, 
the First padding, the Second padding, and Sweeping. The 
purpose of Patching is to fill up the more obvious depres-
sions on the surface to be sprayed after blasting, which is 
beneficial to the subsequent spraying step; First padding is 
to fill the concrete between the wall surface to be sprayed 
and the back of the steel arch; Second padding is to fill the 
concrete between the steel arch; Sweeping is to cover the 
surface layer of the steel arch frame with concrete of 2 cm 
thickness. In the Second padding, a zoned injection strategy 
is adopted. As shown in Fig. 4, the tunnel to be sprayed is 
divided into 7 areas, each of which is about 2 m high. The 
areas are numbered from left to right and from bottom to 
top. The advantage of this zoned injection method is that the 
steel arch can be evenly stressed. When spraying, the steel 
arch is arranged along the tunnel outline, and the accumula-
tion of concrete on one side will cause excessive stress on 
one side of the steel arch, which will cause deformation of 
the steel arch. This partitioning method can avoid uneven 
stress of the steel arch and the spray sequence from bottom 
to top can play the role of fixing the steel arch first.

(28)�
8
= arccos nx

In the shotcrete process, when the mixing ratio of raw 
materials such as cement, gravel and accelerator is deter-
mined, it is necessary to select reasonable spraying param-
eters to improve the quality of the concrete. The injection 
parameters mainly include spraying distance, spraying angle, 
and the thickness of a single spraying.

The method of shotcrete is used to support the roadway, 
that is, under the action of compressed air, the concrete is 
sprayed to the rock surface at a higher speed. The concrete 
and the rock surface collide and bond first, then continuously 
accumulate and tamp, then undergo condensation harden-
ing, and finally form a solid concrete supporting layer. In 
the above series of links, selecting the appropriate injection 
distance is conducive to the realization of each link. If the 
distance between the spray gun and the surface to be sprayed 
is close under a certain spraying speed, when the mixture 
collides with the rock surface, the coarse aggregate parti-
cles in the concrete cannot bond well with the mortar base, 
rebound more, and the rebound rate will increase. In addi-
tion, under the action of wind pressure, the particles in the 
concrete have fast speed and large kinetic energy, which may 
wash away the concrete already bonded on the surface to be 
sprayed. If the distance between the spray gun and the sur-
face to be sprayed is far away, the concrete blown to the rock 
surface will lose a large amount of kinetic energy under a 
certain wind pressure, which will not only reduce the bond-
ing amount of fine aggregate, deteriorate the compactness of 
coarse aggregate, but also affect the compressive strength. 
When the distance between the spray gun and the surface 
to be sprayed is far away, the spraying speed direction will 
deviate from the horizontal direction due to the self-gravity 
of the mixture. The spraying speed can be divided into verti-
cal direction and horizontal direction, in which the speed in 
the horizontal direction is smaller and the speed in the verti-
cal direction is larger. At the same time, under the condition 
of long spraying distance, the impact force on the surface to 
be sprayed is reduced, and the compactness of the concrete 
layer is also reduced. Considering comprehensively, the 
spraying distance of concrete is generally selected between 
1.2 ~ 2 m. In the Patching stage, considering the small range 
to be sprayed during pit filling, the spraying distance is set at 
1.2 m. During the First padding and the Second padding, the 
injection distance is set at 1.5 m. When Sweeping, consider-
ing that the far spraying distance can improve the uniformity 
of spraying, the spraying distance is set at 2 m.

During shotcreting operation, for a relatively flat surface 
to be sprayed, when the nozzle is aimed at the rock surface 
for vertical spraying, that is to say the spraying angle is 90 
degrees, the rebound amount of concrete will be relatively 
small. For the surface to be sprayed that is uneven or cov-
ered by steel mesh, when the angle between the nozzle and 
the rock surface is less than 70 degrees, the impact force of 
the larger coarse aggregate particles in the concrete after 
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colliding with the rock surface is small, the concrete par-
ticles are not suitable for bonding, the rebound amount is 
large, and the compressive strength will also decrease, so 
the angle between the spray gun and the rock surface in 
this case should not be less than 70 degrees. When shot-
crete manipulator is used for operation, the spraying angle 
is mainly determined by the initial posture of the nozzle 
and the rotation amount of the 7th rotating joint. During the 
whole spraying operation, the initial posture of the nozzle 
is kept perpendicular to the wall surface to be sprayed, but 
the rotation amplitude of the 7th joint is different in each 
stage. In the Patching stage, in order to prevent concrete 
from splashing to the rock surface around the pit, the 7th 

joint is fixed, that is to say the rotation amplitude of the 7th 
joint is 0. During the First padding and the Second padding, 
the rotation amplitude of the 7th joint is set at 0 ~ 15 degrees. 
When Sweeping, the rotation amplitude of the 7th joint is set 
at 0 ~ 20 degrees due to the increase of the spraying distance.

After the concrete enters the nozzle, the fine aggregate 
particles such as mortar will bond with the exposed rock 
surface under the action of compressed air to form a mor-
tar base. However, if the nozzle stays in this position for 
a long time, the concrete bonded to the mortar base will 
increase. Due to the gravity of the concrete itself, the con-
crete may fall if the cohesive force is less than the gravity. 
Especially when the nozzle is aligned with the arch and the 

Figure. 3  Flowchart of auto-
matic spraying operation of the 
shotcrete manipulator
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angle between the nozzle and the surface to be sprayed is 
large, if the initial concrete spraying thickness is too large, 
the concrete rebound rate will increase. If the spray gun is 
aimed at the rock surface for a short period of time, the fine 
aggregate particles in the concrete can be well bonded on 
the rock surface to form a relatively uniform mortar base 
layer, but the thickness of the mortar base layer is relatively 
thin. If this rock surface is sprayed again, there will be less 
adhesion between the large-particle aggregate in the con-
crete and the mortar base, which will not only increase the 
rebound but also reduce the compressive strength of the 
concrete layer. Therefore, the thickness of a single spraying 
should not be too large or too small. However, for the auto-
matic spraying of the shotcrete manipulator, the spraying 
times can be increased by adopting a smaller single spraying 
thickness, and the spraying uniformity can be improved to 
a great extent by combining the mode of selecting mutually 
interpenetrated spraying points in adjacent spraying. In the 
three stages of Patching, the First padding and the Second 
padding, the single thickness is 30 cm.

In this way, the operation flow and spraying parameters of 
the automatic spraying operation of the shotcrete manipula-
tor are all determined.

4.2  Motion planning of the shotcrete manipulator

In a complex and changeable tunnel space, according to the 
tunnel feature information obtained by 3D reconstruction, 
the trajectory planning of spraying is carried out. Referring 
to the experience of manual spraying, this paper proposes 
a block spraying strategy and uses this to carry out motion 
planning for the spraying manipulator.

The 3D reconstruction point cloud data are divided into 
blocks, and the area to be sprayed is divided into multi-
ple rectangular unit blocks, as shown in Fig. 5. The center 
point of each unit block is taken as the spray point. During 
operation, the spray nozzle reaches each spray point in turn, 

and the horizontal and vertical rotation of the spray nozzle 
makes the concrete evenly cover the small block area. The 
spray points are connected by a "Z" shaped path. To make 
the spray nozzle follow this "Z" shape path in the work-
ing space, the third-arm of the shotcrete manipulator can be 
kept parallel to the ground and the tunnel footage, and then 
use the expansion and contraction degrees of freedom of 
the third-arm. This is the constraint for solving the inverse 
kinematics of the HPS3016C shotcrete manipulator. A "Z" 
shaped path is used, making full use of the configuration 
characteristics of the HPS3016C shotcrete manipulator, 
realizing that the manipulator arm uses only one degree of 
translational freedom during most movements, which greatly 
simplifies motion control.

At each spraying point, the spray nozzle performs con-
tinuous reciprocating horizontal rotation and intermittent 
vertical rotation, so that the sprayed concrete can evenly 
cover each unit block. The length “b” and width “a” of the 
unit block are calculated from the angle range of the hori-
zontal rotation and vertical rotation of the spray nozzle and 
spray distance, which is used as the basis of the block divi-
sion. By processing the point cloud data after block division, 
the required spraying volume of each unit block is obtained, 
thereby determining the residence time of the spray nozzle 
at each spraying point.

In this way, the trajectory of the spraying robot arm can 
be completely determined. The trajectory of the spray-
ing robot arm is divided into two parts. On the one hand, 

Figure. 4  Schematic diagram of tunnel zoning

Figure. 5  "Z" shaped spraying path
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the movement path of the spray head between each spray-
ing point forms a "Z" shaped path, on the other hand, the 
horizontal and vertical rotation of the spray nozzle at the 
spraying point.

The movement of the nozzle at the spraying point is a 
simple joint rotation. This paper mainly studies the tra-
jectory planning of the nozzle moving in a "Z" shaped 
spraying path.

When spraying, according to the determined "bow" tra-
jectory, the trajectory of the spray gun at the end of the 
shotcrete manipulator is usually straight and the posture 
does not need to be changed, as shown in Fig. 6.

The pose transformation of the joint points A and B at 
the end of the mechanical arm can be considered as the 
translation of the tool coordinate along 𝜆 . If the transfor-
mation matrix is B

A
T  , then there are:

I
3
 is a third-order identity matrix,

𝜆 = 
(
0

A
R
)T( ���⃗0

B
P − ���⃗0

A
P
)
 (30).

If the linear motion process of the mechanical arm is 
acceleration, uniform speed and deceleration, and the 
whole linear motion time is T and the acceleration and 
deceleration time is ΔT  , then the motion speed curve at 
the end of the mechanical arm is trapezoidal, as shown in 
Fig. 7.

The position of the terminal of the manipulator during 
the movement is given as follows:

among them:

(29)0

B
T = 0

A
TA
B
T = 0

A
T

[
I
3

𝜆

0 0 0 1

]

(31)0

B
T = 0

A
TT(t)

Assuming that �����⃗𝜆(t) =
𝜆

|||𝜆
|||
f (t) , thus:

The pose matrix of the end of the shotcrete manipulator 
at any time in the process from point A to point B can be 
obtained from Eq. (31), and the obtained pose matrix can 
be used to obtain the angular position and rotation speed of 
each joint through the inverse kinematics of the mechanical 
arm and the Jacobi matrix.

In order to verify the rationality of this path planning 
method, as shown in Fig. 8, the shotcrete simulation system 
of the shotcrete manipulator was built using VREP softness. 
Let the nozzle take a “bow” shaped path to get the speed 
curve of each joint as shown in Fig. 9. It can be seen from 
the figure that the horizontal movement of the spray nozzle 
along the "Z" shape is mainly achieved by the sixth straight 
joint, and the longitudinal movement of the spray nozzle 
along the “Z” shape is mainly achieved by the second, 

(32)T(t) = 0

A
T

[
I
3

�����⃗𝜆(t)

0 0 0 1

]

(33)f (t) =

⎧
⎪⎨⎪⎩

vmt
2

2ΔT
0 ≤ t ≤ ΔT

vm(2t−ΔT)

2
ΔT ≤ t ≤ T − ΔT

vm(T − ΔT) −
vm(T−t)

2

2ΔT
T − ΔT ≤ t ≤ T

Figure. 6  Linear trajectory motion coordinate system

Figure. 7  Speed   graph of the terminal of the manipulator

Figure. 8  Wet spraying robot arm spraying simulation system
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third, and fifth joints. Throughout the simulation process, 
the amount of rotation of joint 1 is very small, which avoids 
the impact of excessive energy consumption and end tremor 
due to the rapid rotation of joint 1. At the same time, it has 
been verified that the maximum value of each joint speed 
is within the range allowed by the hydraulic system of the 
equipment. This operation planning method can be applied 
to the HPS3016C shotcrete manipulator.

5  Shotcrete operation test and analysis

In order to verify the correctness and operability of the 
above work, we conducted an automatic shotcrete test during 
the construction of Xiangshuwan No. 2 inclined shaft. The 
prototype of the automatic shotcrete test is the HPS3016C 
shotcrete manipulator. The control system of the shotcrete 
manipulator consists of upper computer, controller, sens-
ing sample system and an interface communication system. 
Among them, the upper computer is responsible for com-
pleting the trajectory planning, sending the planned hydrau-
lic cylinder piston position to the controller, and real-time 
receiving of the sampling data. The trajectory planning pro-
gram is written in VC +  + . Figure 10 shows the experimen-
tal test environment diagram.

The wall rock grade of Xiangshuwan No. 2 inclined shaft 
is grade III, the arch spacing is 1.1 m, the single-step footage 
is 2.4 m, the spraying volume is  20m3 / h, and the deliv-
ery rate of accelerator is 500Kg /h. The experiment antici-
pates that the spray thickness is 1200 mm, and finally the 
average thickness error is 27 mm, and the maximum thick-
ness error is 45 mm. According to experience, the average 
thickness error of manual shotcreting operation is 30 mm, 
therefore the operation accuracy of automatic spraying 
method has reached the level of manual operation. From the 

experimental results, it can be concluded that the designed 
system can realize the functions of full-automatic 3-d scan-
ning, recognition of the sprayed surface, trajectory planning 
and motion control under the requirements of accuracy and 
has the ability of automatic spraying of the tunnel.

6  Conclusion

In order to improve the intelligent level of tunnel construc-
tion, this paper establishes a mathematical model of the shot-
crete manipulator, designs an automatic spraying operation 
method of shotcrete manipulator and proposes an automatic 
spraying motion planning method based on block spraying 
for the spray surface model obtained by laser scanning, and 
uses this method to analyze the kinematics and path solving 
strategy of shotcrete manipulator. Finally, the effectiveness 
of this method is verified by simulation and experiment. This 
method can quickly and accurately analyze the kinematics 

Figure. 9  Joint velocity

Figure. 10  Xiangshuwan No. 2 inclined shaft test’s construction site
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of the shotcrete manipulator, and plan the trajectory of the 
manipulator. Later, this motion planning method will be 
widely applied to the full-servo shotcrete manipulator to 
realize the automatic spraying operation of the tunnel, which 
will greatly improve the quality and efficiency of the tunnel 
construction and provide technical support for the intelligent 
construction of the tunnel.
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