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Traditionally, the construction of tunnel support is to manually move the manipulator through the remote control. During the manual
construction process, there is a large rebound rate and a reduction in the compactness of the concrete. Skilled operators can obtain better
shot blasting quality, but training of a skilled worker is costly. In this study, an automatic shotcretemanipulator is proposed to complete
spraying and improve the spraying quality. *e model of the manipulator is simplified into a planar two-link manipulator, solved the
inverse kinematics of the shotcrete manipulator, and implemented the automatic trajectory planning process. By simplifying the
complex mechanical arm structure model into a simple planar two-link manipulator model, the inverse kinematics of the shotcrete
manipulator is solved, and automatic trajectory planning software is developed, which can better help construction and reduce injury to
personnel’s health and can also help the construction party savematerials and improve economic efficiency and construction efficiency.

1. Introduction

Due to the large number of tunnel excavations and con-
structions in the construction of subways, high-speed rail,
trains, and highways, the use of concrete wet spray machines
is required to complete the tunnel support. *e State Council
of China had issued and implemented the “13th Five-Year
Plan for the Development of Modern Comprehensive
Transportation System” on February 3, 2017, see Table 1 for
related indicators. *e manual hand-held shotcrete or re-
mote-controlled robotic arm shotcrete is commonly used in
the current construction industry, and the quality (rebound
rate and thickness) and efficiency of the construction depend
on the technical ability of the workers. Often, manual con-
struction will cause a large rebound rate.*us, there is a lot of
waste in the tunnel construction, which increases the con-
struction cost [1]. *e intensive labor resulted in workers’
fatigue, which cannot guarantee high construction efficiency.
In addition, workers who work in dusty environments for a
long time (see Figure 1) are prone to occupational hazards [2].

Many algorithms have been proposed for the automatic
control of industrial robotic arms, involving inverse

kinematics, trajectory planning, motion planning, force
control, and so on. Some general 6-degree-of-freedom in-
verse kinematics can solve the inverse solutions of some
robotic arms that meet the Pieper principle [3]. Because
inverse kinematics requires tedious matrix calculation
processes and clever operation skills, a symbolic inverse
kinematics solver is proposed [4]. For situations where
formula methods cannot be used to solve inverse kinematics,
numerical methods can be used [5]. Different trajectory
planning methods are proposed to enable the robotic arm to
produce continuous motion with excellent kinematic per-
formance [6–8]. However, for the automatic control of the
shotcrete manipulator, other aspects need to be considered.

Many researchers have studied the remote operation
mode of the shotcrete manipulator, data acquisition during
shotcrete, simulators, etc. *ese studies can help workers
perform shotcrete [9–11]. Different methods have been
proposed to automate the shotcrete process [12–14].
Girmscheid and Moser demonstrated fully automatic
shotcrete robot (Meyco). *e manipulator has 8 degrees of
freedom. Due to the complex mechanical structure of the
shotcrete manipulator, a closed solution cannot be obtained.
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*erefore, it can only be solved iteratively. In this study, they
set up three different modes for the shotcrete manipulator to
adapt to different tunnel surface environments after blasting,
including the manual mode, semiautomatic mode, and fully
automatic mode.*e blasting area is divided differently, and
mobile spraying is performed at different speeds to ensure
the designed thickness. Nabulsi et al. [13] also studied
Putzmeister PM-407. *is manipulator has 5 degrees of
freedom. It uses incoupling and iterative techniques to solve
inverse kinematics. When normal vectors cannot be
extracted correctly, the surface of the design tunnel is used
directly to calculate the normal vector. In such studies, a
large number of matrix operations are used to solve inverse
kinematics, and only numerical solutions can be provided.

*e objective of this research is to model and develop an
analytical solution of the shotcrete trolley of Henan Gengli
Engineering Equipment Company. *e manipulator has 7
degrees of freedom. By reducing the complex structure
model of the robot arm to a simple planar two-link ma-
nipulator model, the inverse kinematics can be solved based
on the analytical solution. Based on this, the motion tra-
jectory of shotcrete was planned, and the control platform
was developed. *e structure of this paper is as follows.
Section 2 studies the inverse kinematics of shotcrete ma-
nipulators in combination with shotcrete motion and
presents theoretical relationships. Section 3 explains how to
perform effective trajectory planning and analyzes the
sudden changes in joint angles in motion. Section 4 develops
a robot control platform based on the derived inverse ki-
nematics formula and trajectory planning and verifies the
correctness of the analytical solution and the rationality of
trajectory planning. Section 5 presents the conclusions.

2. Inverse Kinematics

*e shotcrete manipulator depicted in Figure 2 has 8 degrees
of freedom, and the end nozzle has one degree of freedom
designed for the craft, and the movement mode is to rotate

around the axis to ensure the uniformity of shotcrete. *is
degree of freedom is not in the control system of the ma-
nipulator. Also, there are two moving joints in the same
direction. Since these two moving joints control the dis-
placement in the same direction, they are regarded as one
moving joint in the inverse kinematics model. In order to
reduce the rebound of the concrete as much as possible and
improve the uniformity and compactness of the shotcrete, it
is necessary to keep the nozzle and the sprayed surface
vertical and, at the same time, keep the nozzle and the
sprayed surface at a distance of 1.5 to 2 meters [15]. *e
principle of the structural design of the shotcrete manipu-
lator is to facilitate the operation of the worker, and the
automatic control of the manipulator is not considered.
*us, the inverse kinematics of the shotcrete manipulator
may not meet the design principles of the industrial ma-
nipulator. For example, the axes of the last three joints
intersect at a point so that the inverse kinematics of the
shotcrete robotic arm has a closed solution. Although the
axis of the shotcrete robot that we studied meets the in-
tersection of the axes of the last three joints, it introduces
redundant degrees of freedom when controlling the position
of the nozzle.

2.1. Kinematics Model of the Shotcrete Manipulator. *e
Denavit and Hartenberg (D-H) modeling method was
used to construct the coordinate system of the shotcrete
manipulator as shown in Figure 3, the D-H parameters are
given in Table 2, and the added nozzle coordinate system
describes the target position and the sprayed surface
angular relationship and distance. *e two moving joints
are merged into one joint and described by coordinate
system 4.

2.2. Inverse Kinematics Solution. In the inverse kinematics
solution, the coordinate system e of the nozzle is not con-
sidered, which simplifies the solution process. Forward ki-
nematics can be described as
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where

Table 1: Main indicators for the development of comprehensive transportation during the “13th Five-Year Plan.”

Operating mileage 2015 (year) 2020 (year) Increase
Railway operating mileage (10,000 km) 12.1 15 2.9
High-speed railway operating mileage (10,000 km) 1.9 3 1.1
Highway operating mileage (10,000 km) 458 500 42
Expressway operating mileage (10,000 km) 12.4 15 2.6
Operating mileage of urban rail transit (km) 3300 6000 2700

Figure 1: Construction site.
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Figure 2: Structural model of the shotcrete manipulator.
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Figure 3: Kinematic model of the shotcrete manipulator.

Table 2: D-H parameters for the shotcrete manipulator.

Joint no. αi− 1 (°) ai− 1 (mm) di (mm) θi (°) Angle limit (°/mm)
1 0 0 0 θ1 − 180∼180
2 90 0 0 θ2 0∼70
3 0 a2 − d3 θ3 − 20∼110
4 − 90 0 d4 0 0∼4600
5 0 0 0 θ5 − 180∼180
6 90 0 0 θ6 − 120∼120
7 0 ae de 0 −

*e initial values are θ1 � 0, θ2 � 1.5500, θ3 � 88.4500, d4 � 3406.0, θ5 � − 90, and θ6 � 0. *e constant values are a2 � 3272.0, d3 � 452.5, ae � 442.0, and
de � 398.1.

Journal of Robotics 3



0
1T θ1( 􏼁 �

cθ1 − sθ1 0 0
sθ1 cθ1 0 0
0 0 1 0
0 0 0 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
,

1
2T θ2( 􏼁 �

cθ2 − sθ2 0 0
0 0 − 1 0

sθ1 cθ1 0 0
0 0 0 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
,

2
3T θ3( 􏼁 �

cθ3 − sθ3 0 a2

sθ3 cθ3 0 0
0 0 1 − d3

0 0 0 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
,

3
4T d4( 􏼁 �

1 0 0 0
0 0 − 1 − d4

0 1 0 0
0 0 0 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
,

4
5T θ5( 􏼁 �

cθ5 − sθ5 0 0
sθ5 cθ5 0 0
0 0 1 0
0 0 0 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
,

5
6T θ6( 􏼁 �

cθ6 − sθ6 0 0
0 0 − 1 0

sθ6 cθ6 0 0
0 0 0 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
.

(2)

*e vector P is a 3 ×1 position vector, R is a 3 × 3 rotation
matrix, and the first, second, and third columns are or-
thogonal vectors to each other. According to the structure of

the manipulator, it is known that the front 4 joints determine
the end position, but due to the redundant degrees of
freedom, there are 3 known parameters here, and 3 equa-
tions can be established, but there are four unknowns, which
are not directly solved according to the formula. *e 1 to 4
numbers of joint will be solved by shotcrete trajectory
analysis combined with geometric methods, and joint 5 and
joint 6 will be solved by separating the variables using
equation (1).

*e 1 to 4 numbers of the joint of the manipulator (joint
1, joint 2, joint 3, and joint 4) are described as seen in
Figure 4. *e offset value d3 of joint 3 is ignored here so that
joint 2 and joint 3 can be described as a two-link model. *e
purpose is to be able to analyze the problem more conve-
niently. By solving the joint angle value using (Px

′ , Py
′ , Pz
′ )

under this model, the joint angle value can also be solved in
the original coordinate system model. Joint 1 shown in
Figure 4 also includes joint 2 at the same time. In order to
clearly describe the effect of joints on angle, joint 2 is not
expressed, and the same is true in b in Figure 4. *e rotation
of joint angle 1 can determine the direction of the robot arm,
so joint angle 1 can be obtained by the value of the nozzle in
the X-Y plane:

θ1 �A tan 2 Py
′ , Px
′􏼐 􏼑. (3)

Separating variables θ1 to obtain equation (4)
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where c1 � cos θ1 and s1 � sin θ1.
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Figure 4: Simplified manipulator model 1: (a) top view; (b) front view.
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Let (2, 1) and (2, 2) elements on both sides of equation
(4) be equal.

− c6s5 � − s1r11 + c1r21, (5)

− s6s5 � − s1r12 + c1r22. (6)

Equations (5) and (6) are squared and added, respec-
tively, and θ5 can be solved:
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By dividing equations (5) and (6), θ6 can be solved:

θ6 � A tan 2 s1r12 − c1r22, − s1r11 + c1r21( 􏼁. (8)

When computing θ6, sin θ5 ≠ 0.
*e four joint variables determine the position of the tip

nozzle and their functional relationship is:
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Detailed description of their specific relationship is given
through the following formulas:

Px
′ � cos θ1 a2 cos θ2 + d4 cos θ2 + θ3( 􏼁􏼂 􏼃,

Py
′ � sin θ1 a2 cos θ2 + d4 cos θ2 + θ3( 􏼁􏼂 􏼃,

Pz
′ � a2 sin θ2 + d4 sin θ2 + θ3( 􏼁.

(10)

As explained earlier, only three joint angles are required
to determine the position of the end nozzle. *ere are four
joint angles, and redundant degrees of freedom are intro-
duced. *e following is an analysis of the motion trajectory
of the shotcrete manipulator to add constraints so that the
equation can be solved. *ere are formulas for calculating
joint angle 2 and joint angle 3 without adding constraints;
however, they cannot really calculate the joint value:
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4). θ1
cannot be equal to − 90 degree and 90 degree. Solving the
joint 2 angle value is based on the geometric method (see
Figure 5):
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where l � Px
′ × Px
′ + Py
′ × Py
′ + Pz
′ × Pz
′. θ2 � β ± α.

*e moving area of the spray nozzle at the end of the
shotcrete manipulator is divided into four pieces (see
Figure 6). Due to the limitation of the mechanical structure
of the manipulator and the range of motion of the joint,
area3 and area4 are areas that the robotic arm cannot reach.

When moving joint 4 is completely retracted, d4 is 0. Area2
represents the maximum range that the two links can move
when d4 equals to zero. When the nozzle moves in area2,
this mode is called mode 1; if we change d4, making it more
than the zero distance, the manipulator can reach farther
area, and when joint 4 moves to another limit position, d4
equals to the maximum distance. *erefore, area1 implies
the movement range of two links when d4 is greater than
zero and less than the maximum distance. When the nozzle
moves in area1, this mode is called mode 2. *ere are five
movement statuses; statuses 1, 2, and 5 lie in area1, and all
of them mean that d4 is greater than zero; statuses 3 and 4
lie in area2; both of them also mean that d4 is equal to zero.
If the nozzle moves to area2, then θ2 and θ3 can be solved. If
the nozzle moves to area1, the nozzle moves from one
position to another. *e two appropriate ways to solve the
problem are changing the value of joint 2 and joint 3 si-
multaneously and changing the value of joint 3 and joint 4
simultaneously like CCD algorithm ideas [16]. When the
shotcrete manipulator sprays the concrete in the tunnel, the
manipulator will move to the back joints as fast as possible
to complete spraying because the manipulator has a large
amount of inertia. When the mode is changed from mode 1
to mode 2, then d4 is set to zero mile. However, when the
mode is changed from mode 2 to mode 1, d4 will be
computed according to the position of joint 3 and the desire
position:

d4 � sqrt Px(d) − Px(3)􏼐 􏼑
2

+ Py(d) − Py(3)􏼐 􏼑
2
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where Px(d),Py(d), and Pz(d) are the position components
(x, y, z) of the target point and Px(3), Py(3), and Pz(3) are the
position components (x, y, z) of coordinate 3 (d3 � 0).

α

β

Joint 3

Joint 2

Z

X

θ2

θ3

Figure 5: Two-link model. α is the angle between link 2 and
connection of joint 2 and end point. β is the angle between axis X
and connection of joint 2 and end point.
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2.3. Kinematic Model considering Offset. In the aforemen-
tioned simplified kinematics model, we ignored the offset
value d3 between joint 3 and joint 4. *e position value
P′(x, y, z) of the end point is different from the actual end
point position P(x, y, z). Now, considering the offset value
d3 (see Figure 7), the formula can be used to calculate the
virtual position P′ from the actual expected position P. So,
the inverse kinematics formula derived above can describe
the actual joint angle value:

φ � A tan 2 d3, sqrt Px × Px + Py × Py − d3 × d3􏼐 􏼑􏼐 􏼑,

ϕ � A tan 2 Py, Px􏼐 􏼑 + φ.

(14)

*en, we can compute the virtual desire position (d3 � 0)
using the real desire position:

Px
′ � sqrt Px × Px + Py × Py − d3 × d3􏼐 􏼑 × cos(ϕ),

Py
′ � sqrt Px × Px + Py × Py − d3 × d3􏼐 􏼑 × sin(ϕ),

Pz
′ � Pz,

(15)

where Px, Py, Pz is the real desire position and Px
′, Py
′, Pz
′ is

the virtual desire position.

3. Trajectory Planning

To improve the performance of the manual operation of
the shotcrete manipulator, reasonable trajectory planning
of the spraying robotic arm is required. *e nozzle needs
to maintain a distance of 1.5–2m from the sprayed sur-
face, and the nozzle needs to be vertical to the sprayed
surface. *erefore, the end nozzle needs to control po-
sition and attitude parameters to represent its spatial pose.
For the position parameters, it needs to control 3 pa-
rameters (x, y, z), and the attitude parameters need to
control 2 parameters (roll and yaw) (see Figure 8). *ese
parameters are specified relative to the base coordinate
system. After blasting, the tunnel surface would have been
overexcavated and underexcavated as depicted in Fig-
ure 9. *e overexcavation part requires more concrete
construction than the blasted surface, and the under-
excavation part needs further processing to enable
shotcrete. In normal blasting, the area is sprayed once
during the spraying process (from the tunnel side to the
other side). During the spraying process, a thick con-
struction can be completed, and the overdigged part is
filled. Also, several shots of this area need to be shot back
and forth.

Area 4

Area 1

Area 2

Joint 2

Area 3

Z

Joint 3

Start point

Goal point

X

1

2

3

4

5

a2 d4

Figure 6: Changes in the joint angle during nozzle movement. a2 is the constant distance, and d4 is the moving distance of joint 4.
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3.1. Trajectory Generation. Tunnel models of various sizes
were not considered in this research because environ-
mental sensing such as Lidar is not incorporated. It is
assumed that the geometric model of the tunnel is a

semicircle, and the real blasted surface is not considered
when trajectory planning is performed. *e attitude of the
nozzle is calculated by a mathematical model. In general,
the trajectory of the nozzle is rectangular, and this

Joint 3

Joint 4

Joint 2Y

X

P
P′

φ

ϕ

Figure 7: Two-link model (d3 is not equal to zero) in tunnel coordinates. ϕ is the angle between axis Y and connection of joint 2 and end
point, and φ is the angle between link 2 and connection of joint 2 and end point.
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Figure 8: Roll (α) and yaw (c) of the shotcrete manipulator for the nozzle during spraying. X0, Y0, Z0 is the coordinate component of the
tunnel. (a) Front view. (b) Top view.
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Figure 9: Illustration tunnel geometry.
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geometry is used in the present study. By manually
adjusting the shotcrete manipulator to specify the initial
position and the distance between the tunnel trajectories,
path length, and tunnel geometry, automatic trajectory
planning program can generate a complete shot trajectory
(see Figure 10(b)). Figure 10(a) specifically shows the
detail in trajectory planning. *is trajectory is only a
schematic diagram, where d is along the arc direction
described in the actual trajectory planning.

3.2. Problems in Shotcrete Manipulator Movement.
During the inverse kinematics solution, the movement of
some joints is restricted, and artificially added constraints
may cause joint values to jump during the movement (see
Figure 11). *e shotcrete manipulator in Figure 11(a) is
working in mode 1. State 0 indicates that joint angle 3 has
reached the limit of positive values. When the shotcrete
manipulator continues tomove upward, the positive value of
joint angle 3 is exceeded. If the shotcrete manipulator cannot
meet state 1, it will jump to state 2 and cause the joint values
of 2 and 3 to change suddenly. *e shotcrete manipulator in
Figure 11(b) works in mode 2. State 3 indicates joint 3 has
reached the limit of positive values. If the shotcrete ma-
nipulator continues to move, the values of joints 2 and 3 will
also change suddenly. Because in the shot trajectory plan-
ning, linear motion is used, this mode is also one of the
reasons that causes the joint value to jump. We propose a
solution. When joint angle 3 of the shotcrete manipulator
approaches the extreme position, it does not move in the
area’s motionmode or a straight line but changes the motion
mode or moves in an arc path or combines the two (see
Figure 12); this can prevent the angular value of joint 2 and
joint 3 from jumping.

4. Trajectory Planning Simulation

4.1. Verification of Inverse Kinematics. *e inverse kine-
matics solution calculates the current joint angle value based
on the previous joint angle vector value and the current
motion mode. As it can be seen from Table 3, when the
shotcrete robot moves in mode 1, the value of joint 4 is
constant, and the movement of joints 2 and 3 and joint 1
enables the tip nozzle to reach the desired position. From
Table 4, it can be seen that when the shotcrete manipulator
moves in mode 2, the value of joint 2 is constant. *e
movement of joints 3 and 4 and joint 1 enables the tip nozzle
to reach the desired position. From Table 5, we can see that
the changes of the joint angle are continuous when switching
between mode 1 and mode 2.*erefore, it is verified that the
inverse kinematics solution combined with trajectory
planning is correct.

A linear motion path containing two motion modes and
conversion between modes is selected to verify the proposed
inverse kinematics algorithm. Tables 3–5 only provide part
of the data on the path to illustrate the correctness of the
inverse kinematics algorithm. Solution no. means the

calculated joint angle, and pose no. represents the corre-
sponding end point pose.Where step� 0.005m, the initial
position of the movement is

θ1 �
pi × 6
180

,

θ2 �
pi × 31
180

,

θ3 �
− pi × 12.16

180
,

θ4 � 3.5059,

θ5 �
pi × 38.38

180
,

θ6 �
pi × 57.52

180
.

(16)

*e end position is

θ1 �
pi × 0
180

,

θ2 �
pi × 3.64

180
,

θ3 �
− pi × 6.24

180
,

θ4 � 3.4875,

θ5 �
pi × 60
180

,

θ6 �
pi × 70
180

.

(17)

4.2. Results of Automatic Trajectory Generation.
Based on the correct inverse kinematics algorithm and
trajectory planning algorithm, we use OpenGL and Qt to
develop host computer control software for controlling the
shotcrete manipulator (see Figure 13). Simulation is in-
cluded in control software to verify the correctness of the
trajectory. If the parameters set are not reasonable, the
parameters can be adjusted to regenerate the trajectory.
Control software can monitor the motion status of the
shotcrete manipulator in real time displaying the real
shotcrete manipulator movement in the simulation graph-
ical interface. Control software provides a friendly human-
machine interaction interface that is simple and convenient
to operate. *e design principle of the control system does
not change the original-spraying robot arm as much. Ad-
ditional motion controller communicates with the original
motion controller to achieve the motion control of the
shotcrete manipulator.

By setting reasonable set of parameters, control software
generates a set of executable trajectories, and simulations in
software show this process (see Figure 14).
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Figure 11: *e problem of movement of the nozzle: (a) nozzle work in mode 1 and (b) nozzle work in model 2.
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Figure 12: Solutions to problems in movement of the nozzle: (a) change mode 1 to mode 2 and (b) change model 2 to mode 1 andmove in a
circular path.
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Figure 10: Desired shotcrete trajectory.
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Table 4: Solutions of inverse kinematics in mode 2.

Solution no. θ1 (rad) θ2 (rad) θ3 (rad) d4 (m) θ5 (rad) θ6 (rad)

1 0.005281 0.046679 − 0.031888 3.440453 1.028433 1.200126
2 0.005119 0.046679 − 0.033265 3.441585 1.029013 1.200762
3 0.004957 0.046679 − 0.034638 3.442723 1.029592 1.201399
4 0.004794 0.046679 − 0.036011 3.443869 1.030171 1.202038
5 0.004632 0.046680 − 0.037382 3.445021 1.030749 1.202678
6 0.004470 0.046682 − 0.038755 3.446179 1.031327 1.203319
7 0.004308 0.046683 − 0.040128 3.447345 1.031905 1.203963
8 0.004146 0.046682 − 0.041498 3.448517 1.032482 1.204607

Pose no. x (m) y (m) z (m) Roll (rad) Pitch (rad) Yaw (rad)

1 6.700704 0.487896 0.291913 − 0.999891 − 0.300959 2.949828
2 6.701981 0.486814 0.287199 − 1.000311 − 0.301886 2.950126
3 6.703259 0.485732 0.282486 − 1.000733 − 0.302810 2.950425
4 6.704536 0.484650 0.277768 − 1.001155 − 0.303733 2.950724
5 6.705813 0.483568 0.273064 − 1.001579 − 0.304650 2.951024
6 6.707091 0.482486 0.268356 − 1.002004 − 0.305566 2.951324
7 6.708368 0.481404 0.263644 − 1.002430 − 0.306481 2.951625
8 6.709646 0.480322 0.258920 − 1.002857 − 0.307394 2.951926

Table 5: Solutions of inverse kinematics between mode 1 and mode 2.

Solution no. θ1 (rad) θ2 (rad) θ3 (rad) d4 (m) θ5 (rad) θ6 (rad)

1 0.094466 0.541054 − 0.283932 3.488624 0.706087 1.013583
2 0.094271 0.541054 − 0.285317 3.488475 0.706780 1.013781
3 0.094076 0.392774 0.000274 3.406000 0.707473 1.013979
4 0.093880 0.399768 − 0.014836 3.406000 0.708166 1.014177
5 0.011003 0.058919 − 0.007261 3.406000 1.007931 1.178817
6 0.010838 0.046679 0.015329 3.406000 1.008522 1.179401
7 0.010674 0.046678 0.013928 3.406900 1.009113 1.179987
8 0.010509 0.046681 0.012523 3.407808 1.009704 1.180574

Pose no. x (m) y (m) z (m) Roll (rad) Pitch (rad) Yaw (rad)

1 6.061955 1.028885 2.647606 − 0.736393 − 0.116284 2.818948
2 6.063232 1.027803 2.642895 − 0.736463 − 0.117689 2.819082
3 6.064507 1.026721 2.638190 − 0.792489 0.007869 2.822333
4 6.065786 1.025639 2.633476 − 0.789817 0.000319 2.822551
5 6.655990 0.525765 0.456821 − 0.983323 − 0.278522 2.938954
6 6.657269 0.524683 0.452097 − 0.986286 − 0.268043 2.939934
7 6.658546 0.523601 0.447382 − 0.986667 − 0.269050 2.940218
8 6.659823 0.522519 0.442673 − 0.987049 − 0.270055 2.940503

Table 3: Solutions of inverse kinematics in mode 1.

Solution no. θ1 (rad) θ2 (rad) θ3 (rad) d4 (m) θ5 (rad) θ6 (rad)

1 0.080018 0.456693 − 0.227912 3.406000 0.757625 1.029767
2 0.079828 0.456685 − 0.229316 3.406000 0.758306 1.030003
3 0.079638 0.456667 − 0.230703 3.406000 0.758987 1.030239
4 0.079448 0.456642 − 0.232074 3.406000 0.759668 1.030475
5 0.079258 0.456607 − 0.233430 3.406000 0.760349 1.030712
6 0.079068 0.456566 − 0.234769 3.406000 0.761029 1.030949
7 0.078879 0.456516 − 0.236094 3.406000 0.761710 1.031188
8 0.078689 0.456458 − 0.237403 3.406000 0.762390 1.031426

Pose no. x (m) y (m) z (m) Roll (rad) Pitch (rad) Yaw (rad)

1 6.157767 0.947736 2.294252 − 0.773213 − 0.150869 2.833495
2 6.159044 0.946654 2.289542 − 0.773320 − 0.152263 2.833642
3 6.160322 0.945572 2.284829 − 0.773430 − 0.153649 2.833789
4 6.161599 0.944491 2.280118 − 0.773545 − 0.155028 2.833936
5 6.162878 0.943409 2.275403 − 0.773662 − 0.156400 2.834083
6 6.164155 0.942327 2.270694 − 0.773784 − 0.157764 2.834230
7 6.165432 0.941244 2.265984 − 0.773910 − 0.159120 2.834378
8 6.166711 0.940163 2.261270 − 0.774039 − 0.160470 2.834526
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5. Conclusions

A simple and effective inverse kinematics calculation
method was proposed. Based on this inverse kinematics,
trajectory planning of the shotcrete manipulator was real-
ized. *e two-link manipulator model is used to solve the
inverse kinematics of the 6-degree-of-freedom shotcrete
manipulator. *e process is simple and efficient, does not
require a large number of matrix operations, and can easily
be obtained.

A combination of the motion trajectory shotcrete
manipulator and its control principles is presented.
*erefore, reasonable constraints enable the inverse ki-
nematics of the robotic arm to be solved. In the simplified
geometry model, it is described that, by giving some initial
parameters, spraying trajectory can be automatically
generated. Based on the inverse kinematics solution and
automatic trajectory generation proposed, manipulator
control software was developed using OpenGL and QT,

which provides a friendly human-computer interaction
interface.

In this study, a simple geometry tunnel model is used. In
the future, the real tunnel model will be obtained by sensing
the environmental information with Lidar. At the same time,
the normal vector of the tunnel section after blasting can be
calculated to give the attitude of the tip nozzle, which can be
more perpendicular to the sprayed surface to a large extent,
ensuring a smaller rebound rate and better compaction.
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Figure 13: Robot control platform software interface.

Figure 14: Motion simulation of the shotcrete manipulator.

Journal of Robotics 11



Acknowledgments

*e authors thank Sha Hao and Song FeiFei for their help
in writing the article and colleague Wang Hu for his help in
the work. *is research was supported by the Changsha
Important Science and Technology Specific Projects (grant
no. kq1703022).

References
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