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Abstract
Pipeline inspection robots play a crucial role in maintaining the integrity of pipeline systems across various indus-
tries. In this paper, a novel pipeline inspection robot is designed based on a four degrees-of-freedom (DOF)
generalized parallel mechanism (GPM). First, a four DOF mechanism is introduced using numerical and graph
synthesis. The design employs numerical and graph synthesis methods to achieve an ideal symmetric configuration,
enhancing the robot’s adaptability and mobility. The coupling mid-platform, inspired by parallelogram mechanisms,
enables synchronized contraction motion, allowing the robot to adjust to different pipe diameters. Then, the con-
straints of the pipeline inspection robot in the elbow are analyzed based on task requirements. Through kinematic
and performance analyses using screw theory, the mechanism’s feasibility in practical applications is confirmed.
Theoretical analysis, simulations, and experiments demonstrate the robot’s ability to achieve active steering in
T-branches and elbows. Experimental validation in straight and bent pipes shows that the robot meets the expected
speed targets and can successfully navigate complex pipeline environments. This research highlights the potential
of GPMs in advancing the capabilities of pipeline inspection robots for real-world applications.

1. Introduction
Parallel mechanisms have garnered significant attention in various robotic applications due to their inher-
ent advantages of high stiffness, precision, and load-bearing capacity [1]. These attributes make them
particularly suitable for designing robots operating in challenging environments, such as pipeline inspec-
tion robots [2]. Traditional parallel mechanisms, derived from the Gough–Stewart platform, have been
widely studied and applied [3, 4]. However, they often face limitations such as small workspace, limited
working modes, and susceptibility to singular configurations. To address these issues, researchers have
proposed generalized parallel mechanisms (GPMs) [5–8], which allow for coupled motion between kine-
matic chains. GPMs with coupling sub-chains offer enhanced overall stiffness and load-bearing capacity,
making them promising candidates for complex robotic applications [9, 10].

As for the application of pipeline inspection robots, they must have the ability to navigate through var-
ious pipe configurations, including straight pipes, elbows, and T-branches. Existing pipeline inspection
robots, such as wheeled [11], inchworm [12], and screw-type [13] designs, have demonstrated success-
ful examples of traversing straight pipes. For the pipeline inspection robots with serial mechanisms,
Tavakoli et al. [14] presented a Pole Climbing Robot (PCR) with a novel four degrees-of-freedom
(4-DOF) series-connected rod-climbing mechanism, featuring a unique V-shaped holder and a fast
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rotation mechanism for nondestructive testing (NDT) in industrial pipelines with bends and tees. Roh
et al. [15] introduced a differential-drive pipeline robot designed to solve the problem of precise wheel
speed control when moving inside urban gas pipelines, enabling efficient pipeline inspection. Li et al.
[16] described the development of a pipeline inspection robot tailored for the standard oil pipelines of
China National Petroleum Corporation, aiming to enhance inspection efficiency and safety. Kim et al.
[17] proposed an in-pipe robot with a multiaxial differential gear mechanism to address the challenge
of precise wheel speed control in pipe environments, improving the robot’s stability and inspection
accuracy.

However, the pipeline inspection robots based on serial mechanisms often struggle with complex
pipe geometries. Existing pipeline inspection robots can pass through most horizontal straight pipes
smoothly, while the pipes are not always straight. Applications of parallel mechanisms to pipeline robots
can significantly improve their mobility and adaptability. For instance, Roslin et al. [18] presented a novel
pipeline inspection robot with a hybrid locomotion system that combines the advantages of wheeled and
tracked systems, enabling stable movement in various pipeline types and improving obstacle-crossing
ability and inspection performance. Ismail et al. [19] described the development of a snake-like pipeline
inspection robot with active wheels, designed to move flexibly in complex pipeline environments like
a snake, which offered good mobility and adaptability for inspection tasks. Kwon et al. [20] developed
a robot featuring a linkage-type mechanical clutch, enabling it to operate within pipelines of 100 mm
diameter. It can move at 14 cm/s and navigate through 90-degree bends while detecting pipeline condi-
tions. Shen et al. [2] presented the design of a parallel four-legged pipe robot based on a planar parallel
structure for urban underground polyethylene pipelines. The structure and working principles are intro-
duced, including a kinematic model, forward and inverse kinematic solutions, and motion simulations.
Sakamoto et al. [21] designed a pipe diagnostic system to reduce inspection time and workload while
enhancing diagnostic accuracy, featuring a pipe thickness measuring robot equipped with an ultrasonic
probe for external pipe inspections.

Therefore, the structure of GPM with coupling sub-chains can be a potential choice to improve the
kinematic performance of the pipeline inspection robots. Since they possess the following character-
istics: the kinematic chains are not necessarily independent but may act on the moving platform in a
coupled manner, significantly enhancing overall stiffness and load-bearing capacity. While most syn-
thesis methods for GPMs with coupling sub-chains are based on graph theory. For instance, Tian et al.
[22] divided the synthesis process of such coupled mechanisms into two parts: topological embryo graph
synthesis and topological graph synthesis, resulting in the first synthesis of 33 new topological embryo
graphs. Xia et al. [23, 24] provided the possible contracted graphs of the 6-DOF leg based on the number
synthesis and graph synthesis method. Besides, Wu et al. [25] proposed a design method of a closed-
chain leg inspired by the California mite. A legged robot equipped with multiple motors possessed a
71.7 % obstacle-to-leg-length ratio. Nevertheless, existing research on GPM with coupling sub-chains
still faces limitations in applications. Applying it to pipeline robots can not only enhance the mecha-
nism’s stiffness, thereby extending its service life, but also improve the flexibility of such robots during
operation.

In summary, this paper presents a novel pipeline inspection robot based on a 4-DOF GPM. The
design leverages numerical and graph synthesis methods to achieve a symmetric configuration. The cou-
pling mid-platform, inspired by parallelogram mechanisms, enables synchronized contraction motion,
enhancing the robot’s adaptability to different pipe diameters. Through kinematic and performance
analysis using screw theory, the feasibility of the mechanism in practical applications is confirmed.
Simulation and experimental results validate the robot’s ability to achieve active steering in T-branches
and its potential for real-world pipeline inspection tasks.

The following of this paper is organized as follows: In Section 2, it generates the topological structure
of the pipeline robot using numerical and graph synthesis methods and incorporates motion charac-
teristics into the diagram. Then, the coupling mid-platform based on the parallelogram mechanism is
designed, and a 3D model of the overall mechanism is proposed. In Section 4, the closed-loop equations
of the forward kinematics are first solved. Additionally, the performance analysis of the mechanism,
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including stiffness, dexterity, and motion/force transmission, is introduced, and the velocity and contact
force of the robot are analyzed. Afterward, the simulations of the pipeline inspection robot in elbow and
T-branch scenarios are conducted. Finally, we design the prototype in detail, including the entire control
system, and select three scenarios to conduct experiments, verifying the effectiveness and universality
of the proposed mechanism.

2. Mechanism synthesis
Generally speaking, the topological structure of a GPM can be described using a topological graph.
The topological graph of the mechanism can be obtained by methods such as number synthesis and
numerical synthesis. For a GPM, the overall degrees of freedom can typically be defined as M, which
can be calculated using the modified Kutzbach-Grübler [22]:

M =
j∑

i=1

Fi − d(J − N + 1) + v − z (1)

where j represents the number of motion pairs, d denotes the motion dimension of the mechanism,
Fi signifies DOF at i-th joints, J means the number of motion pairs with single-DOF, N indicates the
number of basic links, and V represents the number of redundant constraints, which corresponds to the
number of passive DOF.

In a mechanism, two-DOF motion pairs (such as U-joints and cylindrical joints) and three-DOF
motion pairs (such as spherical joints) can be replaced by single-DOF motion pairs, respectively. Denote
nk(k = 2, 3, . . . , n) as the number of links with k-DOF. Then, denote

∑n
k=2 nk as the number of basic links

and
∑n

k=2 k · nk/2 as the number of motion pairs. Thus,
∑j

i=1 Fi can be expressed as follows:
j∑

i=1

Fi = 1

2
(2n2 + 3n3 + 4n4 + . . .) = 1

2

n∑
k=2

k · nk (2)

Combining (1) and (2), M can be obtained as

M = 6

(
n∑

k=2

nk − 1

2

n∑
k=2

k · nk − 1

)
+ 1

2

n∑
k=2

k · nk + v − z (3)

To calculate the number of independent loops in a topological graph, Euler’s formula is widely
applied. The following relationships can be obtained:

V = 1

2

n∑
k=2

k · nk −
n∑

k=2

nk + 1 = 1

2
(n3 + 2n4 + 3n5 + 4n6 + . . .) + 1 (4)

From (4), binary links (links with two DOF) do not affect the number of independent loops. By
substituting (4) into (3), the number of binary links can be expressed as follows:

n2 = 6 + 5(V − 1) + M + z − v −
n∑

k=3

nk = 5V −
n∑

k=3

nk + � (5)

where � = M + z − v + 1 reflects the relationship between binary links and redundant constraints. The
number synthesis of a GPM can be performed using Eq. (3)–(5) to determine the number and types of
basic links in the mechanism.

Pipeline robots need to adapt to the radius of the pipeline and avoid obstacles. Therefore, it is assumed
that the parallel pipeline robot in this paper has three basic kinematic chains, with variable positions
between them, which requires a three-DOF mechanism to realize. In addition, to accommodate varying
pipeline sizes, the robot is able to achieve diameter adjustment. Therefore, the expected number of DOF
is four.

For a conventional parallel mechanism with four degrees of freedom and three kinematic chains,
the number of independent loops is 2. However, due to coupling sub-chains or configurable platforms
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Table I. Combination of basic links corresponding to V = 7.

No. n2 n3 n4 n5 n6 No. n2 n3 n4 n5 n6

1 23 + � 12 0 0 0 18 29 + � 3 0 3 0
2 24 + � 10 1 0 0 19 29 + � 3 1 1 1
3 25 + � 9 0 1 0 20 29 + � 2 3 0 1
4 25 + � 8 2 0 0 21 29 + � 2 2 2 0
5 26 + � 8 0 0 1 22 29 + � 1 4 1 0
6 26 + � 7 1 1 0 23 29 + � 0 6 0 0
7 26 + � 6 3 0 0 24 30 + � 2 1 0 2
8 27 + � 6 1 0 1 25 30 + � 2 0 2 1
9 27 + � 6 0 2 0 26 30 + � 1 2 1 1
10 27 + � 5 2 1 0 27 30 + � 1 1 3 0
11 27 + � 4 4 0 0 28 30 + � 0 4 0 1
12 28 + � 5 0 1 1 29 30 + � 0 3 2 0
13 28 + � 4 2 0 1 30 31 + � 1 0 1 2
14 28 + � 4 1 2 0 31 31 + � 0 2 0 2
15 28 + � 3 3 1 0 32 31 + � 0 1 2 1
16 28 + � 2 5 0 0 33 31 + � 0 0 4 0
17 29 + � 4 0 0 2 34 32 + � 0 0 0 3

in GPMs, the number of independent loops should exceed 2. The number of independent loops can
significantly affect the performance of a mechanism. Generally, a mechanism tends to exhibit better
stiffness characteristics with a larger V . Therefore, the number of independent loops can be selected as 7.
Since the number of binary links B does not affect the loop, the topological graph can be represented
by combinations of basic links such as ternary links T, quaternary links Q, pentagonal links P, and
hexagonal links H. The combinations of basic links for different numbers of independent loops are
shown in Table I.

In a topological graph, motion pairs are represented by vertices, and links are represented by edges,
illustrating relationships between them. In topological graphs, the vertices representing the basic links
H, Q, and T are connected by 6, 4, and 3 edges, respectively. In this paper, all vertices corresponding
to the basic links are distributed on a circle, with each basic link consistently having two edges fixed
on it. Configuration No. 20 from Table I is selected as the result of numerical synthesis, indicating that
the mechanism includes 2 ternary links, 3 quaternary links, and 1 hexagonal link. Before constructing
topological graphs, the six basic links need to be arranged. Then, six different arrangements can be
obtained: HQQQTT, HQQTTQ, HQQTQT, HQTQQT, HTQQQT, and HQTQTQ. To facilitate analysis
and achieve balanced load distribution, the robot designed in this paper should possess a symmetric con-
figuration. Therefore, this paper takes the HQTQTQ topological arrangement as an example to construct
topological graphs.

The vertices representing the basic links H, Q, and T have 4, 2, and 1 undetermined edges, respec-
tively. Classifying by the edge distribution of the basic link H, there are three cases: 1-1-1-1, 2-1-1, and
2-2. The corresponding topological graphs are shown in Figure 1.

If two topological graphs are symmetrically distributed, then they are isomorphic. In Figure 1, this
situation has been excluded. Numbers 1-5 represent topological graphs whose edge distribution of the
basic link H is 1-1-1-1. Similarly, numbers 6-21 and 22-23 represent cases where edge distributions of
the basic link H are 2-1-1 and 2-2, respectively.

Since our robot only travels through regular pipes (e.g. round, square), this paper only considers
symmetric topological configurations. So, only the topological graphs represented by numbers 5, 16,
17, 18, 19, and 23 in Figure 1 are valid. Take the topological graph numbered 18 as an example.
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Figure 1. Spatial topological structure for No.18 graph in HQTQTQ arrangement.

Figure 2. Topological structure.

The topological structure corresponding to this topological graph is shown in Figure 2. The two basic
links T can be regarded as the moving platform and the fixed platform, respectively, while the three
basic links Q represent the three topological kinematic chains. The basic link H provides the coupling
relationship among the three chains. Therefore, this structure is a GPM with coupled kinematic limbs.
Stretching it into three-dimensional space can more intuitively demonstrate its structural characteristics.
In Figure 2, the mechanism is composed of a fixed platform, a moving platform, a mid-platform, and
three chains.

To achieve obstacle avoidance within the pipeline, the position between the three kinematic limbs
should be variable. This paper realizes it through three independent actuators. Three revolute joints
are used to connect the fixed platform to the kinematic limbs, enabling independent rotational motion.
Similarly, three passive revolute joints are placed at the connections between the moving platform and
the kinematic limbs. Additionally, the pipeline robot should possess pipeline adaptability, meaning that
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Figure 3. Movement diagram.

Figure 4. Design of the coupled mid platform: (a) Connection design. (b) Parameters in the mid
platform.

the pipeline robot should synchronously achieve contraction or expansion. Denote this motion as MC.
Therefore, the only thing that remains to be determined is how to achieve synchronous motion through
the coupling relationship of the three kinematic limbs. The movement diagram is shown in Figure 3.

3. Design of pipeline inspection robot
3.1. Design of the coupling mid platform
To achieve the contraction motion MC, the mid platform and the chains should possess the movement
DOF within a plane. Since using prismatic joints would significantly increase the size and weight of the
mechanism, it is necessary to replace prismatic joints with revolute joints. In classical parallel mecha-
nisms, a parallelogram mechanism can provide a translation DOF whose axis is perpendicular to one of
its sides. Therefore, such sub-parallel mechanisms are introduced at the connection between the limbs
and the mid-platform to achieve the contraction motion. Additionally, to realize synchronized contrac-
tion motion, a simple approach is to use a prismatic joint with a fixed axis for synchronized actuation.
Thus, as shown in Figure 4(a), a passive link serves as the actuator for the contraction DOF, enabling
the three chains to perform synchronized contraction motion with the same amplitude. In Figure 4(a),
the motion is verified through simulation. It is worth noting that the pipeline robot has an interaction
mechanism, which contains two wheels in each limb.

Figure 4(b) shows the geometric parameters related to the connection mechanism. zITS represents the
input parameter, which denotes the distance between the fixed platform and moving platform in green,
and γ denotes the passive rotation parameter. The axes of revolute joints in the yellow links are always
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Figure 5. Topological structure.

parallel. Therefore, the following relationship can be denoted:

(�z − zITS − La
y cos(γ ) − Li

y)
2 + (− La

y sin(γ ))2 = (Lp)2 (6)

Eq. (6) can be rewritten as

γ = arccos

(
(141 − zITS)

2 + 3020.6025

136.1 (141 − zITS)

)
(7)

3.2. Constraint condition analysis of elbow
Of all the pipe types, bent pipes pose the greatest constraints on pipe inspection robots. If the size of
the pipe inspection robot satisfies the size constraints of the elbow, then the size of the robot allows it
to pass through other types of pipes as well. Therefore, it is necessary to analyze the constraints of the
pipeline inspection robot at the elbow.

This research is to design a wheeled pipeline inspection robot with three branch chains. The design
goal is that the pipeline inspection robot can adapt to pipelines with a diameter of 230−300mm. At the
initial position, the three branch chains of the pipeline inspection robot are symmetrically arranged at
an angle of 120◦ to each other, and the three branch chains are identical in mechanical structure. The
pipe inspection robot has the function of actively changing the diameter, which can adapt to pipes with
different inner diameters. The schematic diagram of the robot at the elbow is shown in Figure 5. Pi

represents the contact point between the front and rear wheels of the robot and the inner wall of the
pipe. The dark blue part in Figure 5 is the main body of the robot, which will interfere with the inner
wall of the pipe at the elbow. Therefore, the critical condition for the pipeline robot to be constrained
can be found when the main body of the robot and the inner wall of the pipeline just interfere.

It is easy to find the relationship between the radius r of the branch chain and the diameter D of the
pipeline as r = D/2. L represents the maximum length of the pipeline inspection robot along the pipeline
axis, and the radius of curvature of the elbow is R. And:

0 < L ≤ P1P6 (8)
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Figure 6. The overall mechanism of the pipeline robot.

where

P1P6 = 2P1N1 = 2P2N2 = 2
(
OP2

2 − ON2
2

) 1
2 = 2

((
R + D

2

))2

−
(

R + D

2
− �x

))2
) 1

2

(9)

The bending angle of the elbow is 90◦, and the radius of curvature R = D/2, �x = r − �r is the
offset distance between the axis of the robot and the axis of the pipe at the elbow. �r = 80mm is the
circumscribed circle radius of the main body of the pipeline robot. When the pipe diameter takes the
minimum value. Therefore, in order to meet the design requirements that the pipeline inspection robot
can work normally in the pipeline with a diameter of 230−300mm, it is necessary to ensure that the size
of the pipeline inspection robot in the axial direction of the pipeline does not exceed 244mm.

3.3.3 D model of the pipeline inspection robot
In this study, the 3D model of the pipeline inspection robot was established, as shown in Figure 6. In order
to facilitate the subsequent motion simulation analysis, only the necessary components are included in
the assembly, and standard parts such as screws and pins that do not affect the simulation results are not
displayed in the 3D model of the assembly.

As shown in Figure 7(a), the minimum length of the branch chain of the pipeline inspection robot is
212mm when it is fully contracted, and the maximum length is 240mm when the branch chain is fully
expanded. Figure 7(b) shows the movement pattern A of the pipeline inspection robot in the pipeline
in a symmetrical arrangement of branch chains, and Figure 7(c) shows the movement pattern B of the
pipeline inspection robot in the pipeline after deformation.

4. Analysis of the steering motion of the pipeline inspection robot
4.1. Kinematic and stiffness analysis
This section first examines the kinematic relationship of the pipeline robot. Due to the symmetrical
configuration of the mechanism, one of its limbs is selected for analysis. As shown in Figure 8(a), links
A1A2, A2A3, A3A4, and A1A4 form the four sides of a parallelogram mechanism, with points A1, A2, A3,
and A4 located at the centers of the respective revolute joints of the parallelogram. Point B1 is at the
midpoint of link A2A3, and points B1 and B2 are the rotational centers of the revolute joints at the ends
of link B1B2. Component B2C2 corresponds to the slider part of a slider-crank mechanism. Additionally,
link A1A4 can drive the branch to rotate around the axis C1C2.

Based on Figure 8(a), the kinematic equations related to the end-effector can be established. A coor-
dinate system {O − XYZ} is set up at the center of the main body. According to the connection of the
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Figure 7. The 3D model and movement mode of the pipeline inspection robot: (a) Length range when
contracting. (b) Movement pattern A. (c) Movement pattern B.

Figure 8. Schematic diagrams: (a) Dimensions of a single limb. (b) Motion screw system in each limb.

links, the mapping relationship between the coordinates of any point on link A2A3 in {O − XYZ} and the
driving joints can be derived. Take point B1, the midpoint of link A2A3. In {O − XYZ}, the coordinate of
B1 is expressed as (x, y, z). Using the vector operation method, the following equations can be obtained:

⎧⎪⎪⎨
⎪⎪⎩

−−→
OB1 = −−→

OC2 + −−→
C2B2 + −−→

B2B1

−−→
OC2 = ( 0 −r2 S0 + X )T

−−→
OB1 = −−→

OC2 + H1
−−→eC2B2 + L3

−−→
eB2 B1

(10)

where −−→eC2B2 and −−→eB2B1 represent unit vectors, X means the distance between points B2 and A4, H1 denotes
the distance between link A1A4 and link C1C2, L3 reflects the length of link B1B2. Denote the angle
between link A1A4 and link B1B2 as α, and the rotation angle of each limb as θ . The solution of forward
kinematics can be obtained: ⎧⎪⎨

⎪⎩
x = H1 sin θ + L3 sin α sin θ

y = −r2 − H1 cos θ − L3 sin α cos θ

z = S0 + X − L3 cos α

(11)

https://doi.org/10.1017/S0263574725102622 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574725102622


10 Yongheng Xing et al.

Figure 9. Performance analysis: (a) Stiffness: LSI. (b) Dexterity: LDI.

where cos α = (L2
3 + (L2/2 + X)2 − L2

1)/(2L3(L2/2 + X)). Differentiate Eq. (11) yields the Jacobian
matrix J, which satisfy the relationship ( ∂X ∂θ )T = J( ∂x ∂y ∂z )T . The final Jacobian matrix can be
obtained as

J = 1

D

( (
b2 + d2

)
a − (ab + cd) b

(
b2 + d2

)
c − (ab + cd) d

(
b2 + d2

)
e

− (ab + cd) a + (
a2 + c2 + e2

)
b − (ab + cd) c + (

a2 + c2 + e2
)

d − (ab + cd) e

)
(12)

where D = (a2 + c2 + e2)(b2 + d2) − (ab + cd)2, A = (L2/2 + X)2 − L2
3 + L2

1, B = 2 sin α(L2/2 + X)2,
a = −A cos α sin θ/B, b = H1 cos θ + L3 sin α cos θ , c = A cos α cos θ/B, d = H1 sin θ + L3 sin α sin θ ,
e = sin α(A + 2L2

3 − 2L2
1)/B.

Based on the calculated Jacobian matrix J, the stiffness of the mechanism can be analyzed. Generally,
the stiffness matrix is often utilized to assess the local stiffness of any point in space, which can be
denoted as

KL = JTKJJ (13)

where KJ = 1000 N/mm in this mechanism. In the same way, the local dexterity index LDI for the
manipulator can be expressed as

LDI = 1(√
tr (JTJ) · √tr ((JJT) · JJT)

) (14)

The two indices with two input parameters X and θ are shown in Figure 9. Figure 9(a) demonstrates
the result of the stiffness analysis. Local stiffness (LSI) in the figure becomes larger as the value of X
decreases. The overall stiffness can ensure that the pipeline robot does not undergo obvious deformation
during operation. Figure 9(b) shows the result of the LDI analysis, in which the curve is smooth. Global
dexterity (GDI) represents the average dexterity of the manipulator across its reachable workspace [26],
calculated as the arithmetic mean of local dexterity values:

GDI =
∫

w
·(LDI) dXdθ∫

w
dXdθ

= 1.4 × 10−5 (15)

4.2. Motion/force transmission analysis
Motion/force transmission analysis [27–29] is an essential process for evaluating the transmission effi-
ciency of a mechanism, which includes three critical indexes, namely input transmission index (ITI),
output transmission index (OTI), and local transmission index (LTI) [30]. ITI represents the transmis-
sion efficiency of each drive joint to the chain, OTI represents the transmission efficiency of the output
motion of the moving platform to the chain after locking the other drive joints, and LTI represents the
motion/force transmission efficiency of the entire mechanism.
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For the pipeline robot designed in this paper, the revolute joint drive on the fixed platform is used
to adjust the relative positions between the branches. Clearly, rotation along a circumference does not
transmit force to the external environment, and analyzing its motion transmission efficiency is mean-
ingless. Therefore, this subsection only analyzes the motion and force transmission of the synchronized
contraction motion actuation.

Since the mechanism is symmetrically distributed, the motion and force transmission analysis is
conducted for a single limb. The coordinate system is established as shown in Figure 8(b), with the
Z-axis perpendicular to the fixed platform, the X-axis parallel to the axis of the revolute joint in the
parallelogram mechanism, and the Y -axis conforming to the right-hand rule. $i, i = 1, 2..7 represent
motion screws in a limb, and $Tz

ITS with a blue arrow indicates the active motion screw which corresponds
to the actuation.

Suppose that the revolute joint 1 is locked. The limb can be considered as a sub-parallel mechanism
that contains three branches. Motion screws in each branch can be obtained by screw theory:

$branch1 =

⎧⎪⎪⎨
⎪⎪⎩

$zITS = (
0 0 0; 0 0 1

)T

$2 = (
1 0 0; 0 −zITS −15

)T

$3 = (
1 0 0; 0 −zITS − 68.05 cos(γ ) −15 − 68.05 sin(γ )

)T

(16)

$branch2 =
{

$4 = (
1 0 0; 0 −116 −15

)T

$5 = (
1 0 0; 0 −zITS + 25 − 68.05 cos(γ ) −15 − 68.05 sin(γ )

)T (17)

$branch3 =
{

$6 = (
1 0 0; 0 −zITS − 25 − 68.05 cos(γ ) −15 − 68.05 sin(γ )

)T

$7 = (
1 0 0; 0 −166 −15

)T (18)

The final constraint screw systems and motion screw system corresponding the interaction platform
can be obtained by using reciprocal product from Eq. (16), (17) and (18):⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

$r
1 = (

0 0 0; 0 1 0
)T

$r
2 = (

0 0 0; 0 0 1
)T

$r
3 = (

1 0 0; 0 0 0
)T

$r
4 = (

0 68.05 sin(γ ) 141 − zITS − 68.05 cos(γ ) ; l4 0 0
)T

$r
5 = (

0 68.05 sin(γ ) 141 − zITS − 68.05 cos(γ ) ; l5 0 0
)T

(19)

where l4 = 2115 − 15zITS − 1021 cos (γ ) + 11276 sin (γ ), l5 = 2115 − 15zITS − 1021 cos (γ ) + 7894
sin (γ ).

$OTS = ( 0 0 0; 0 141 − zITS − 68.05 cos(γ ) −68.05 sin(γ ) )T (20)

According to Eq. (20), the output motion screw is equivalent to the motion created by the parallelo-
gram mechanism, which is a translational DOF. After analyzing the DOF of the mechanism, the motion
and force transmission can be obtained. The index has been divided into two parts, input transmissibility
and output transmissibility [30]: {

ηITI = |$◦
ITS$TWS|/|$◦

ITS$TWS|max

ηOTI = |$◦
OTS$TWS|/|$◦

OTS$TWS|max

(21)

where $TWS represents the transmission wrench screws. By removing the active joint $ITS, the additional
wrench screw can be calculated, which can be viewed as $TWS:

$TWS = ( 0 sin(γ ) − cos(γ ); 15 cos(γ ) − z sin(γ ) 0 0 )T (22)
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Figure 10. LTI of the zITS input.

Figure 11. (a) Velocity analysis of steering motion. (b) Force analysis of steering movement.

Combine Eq. (20), (21), and (22):{
ηITI = |cos(γ )|
ηOTI = |(141 − zITS) sin(γ )|/|(141 − zITS) sin(γ )|max

(23)

Since the overall motion/force transmissibility depends on the minimum of the two, LTI can be
expressed as [30]

ηLTI = min (ηITI , ηOTI) (24)

Substitute Eq. (7) into (23) and (24), the following LTI can be obtained:

ηLTI = min

(∣∣∣∣ (141 − zITS)
2 + 3021

136.1 (141 − zITS)

∣∣∣∣ ,

√
− (141 − zITS)

4 + a (141 − zITS)
2 − b

40.087
√

c

)
(25)

where a = 12482.005, b = 9124060.75, c = 18523. Figure 10 shows the LTI of the mechanism with zITS

changing. The LTI value always remains large as the input changes, indicating that the mechanism can
maintain high stiffness within a large pipe radius range.

4.3. Velocity analysis of the steering motion of the pipeline inspection robot
As shown in Figure 11(a), the coordinate system {O − XYZ} is established with the center of curvature
of the elbow as the coordinate origin. The motion of the robot passing through the elbow pipe and the
branch pipe at a constant speed is equivalent to the uniform circular motion around the rotation center
point O. The angular velocity of the pipeline inspection robot around the point O is ω, and the ratio of
the speed of each driving wheel to the contact point of the pipeline can be obtained as
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Vi1 : Vi2 : Vi3 = Ri1 : Ri2 : Ri3 = (
a2

i1 + b2
i1

) 1
2 :

(
a2

i2 + b2
i2

) 1
2 :

(
a2

i3 + b2
i3

) 1
2 (26)

where ⎧⎪⎪⎪⎨
⎪⎪⎪⎩

ai1 = R + D
2

+ �r
2

ai2 = R + D
2

ai3 = R + D
2

− �r
2

bi1 = bi2 = bi3 = L
2

(27)

And the speed of each driving wheel can be obtained as
vij = Vijcosδij (28)

where tanδij = aij/bij, i = 1, 2 represents the front and rear wheels of the robot, and j = 1, 2, 3 represents
the j-th wheel at the front and rear.

4.4. Force analysis of the steering motion of the pipeline inspection robot
When moving in the curved pipe, the robot is constrained by the inner wall of the pipe, and there is no
need to consider the situation where the centripetal force is greater than the frictional force. But at the
T-branch, if the steering speed is too high and the friction force is smaller than the centripetal force,
the pipeline inspection robot will overturn and get stuck. Therefore, it is necessary to analyze the force
of the pipeline inspection robot during the steering movement. Figure 11(b) shows the force situation
of the robot when it is cornering. Assuming that the T-branch is located on the horizontal plane, the
centripetal force experienced by the robot when turning is

Fn = mω2(R + D/2) (29)
Considering only the rolling motion of the driving wheel, the static friction force on the robot is

f total
ij =

2∑
i=1

3∑
j=1

fij = μ

2∑
i=1

3∑
j=1

FNij = μ(mg + Fp) (30)

where Fp represents the total tightening force of the robot on the pipe wall. The following conditions
need to be met for the robot not to overturn during the steering movement:

Fn <

2∑
i=1

3∑
j=1

f n
ij =

⎛
⎝( f total

ij

)2 −
(

2∑
i=1

3∑
j=1

f t
ij

)2
⎞
⎠

1
2

(31)

Substitute (29) and (30) into (31):

mω2 (R + D/2) <

⎛
⎝(m (mg + Fp

))2 −
(

2∑
i=1

3∑
j=1

f t
ij

)2
⎞
⎠

1
2

(32)

Simplify the (32) to obtain the relationship between the angular velocity ω of the steering motion
and the tightening force as follows:

ω <

⎡
⎣
⎛
⎝m2

(
mg + Fp

)2 −
(

2∑
i=1

3∑
j=1

f t
ij

)2
⎞
⎠ / (m (R + D/2))

⎤
⎦

1
4

(33)

According to (33), the pipeline detection robot can pass through the T-branch smoothly by adjusting
the angular velocity ω or Fp of the steering movement. Where fij is the friction force of a single driving
wheel, f t

ij represents the component force of the friction force on the driving wheel in the tangential
direction of the wheel, and f n

ij is the component force of the friction force on the driving wheel in the
normal direction of the wheel.
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Figure 12. Simulation of pipeline inspection robot:(a) Mode a in the elbow. (b) Mode B in the elbow.
(c) Mode B in the T-branch.

Figure 13. Turning speed in two modes: (a) Velocity analysis of mode A. (b) Velocity analysis of mode B.

Figure 14. Contact forces: (a) Mode A. (b) Mode B.

5. Pipeline inspection robot steering motion simulation
The 3D model of the robot is imported into the simulation software for kinematics simulation. Figure 12
shows the movement process of the pipeline inspection robot through the elbow and T-branch. Figure 13
shows the kinematics simulation results obtained by the pipeline detection robot passing through the
elbow in two motion modes. Figure 13(a) shows the pipeline inspection robot passing through the elbow
in mode A, and Figure 13(b) shows the pipeline inspection robot passing through the elbow in mode
B. From Figure 13, it can be concluded that given the different rotational speeds of the driving wheels,
when moving in a straight pipe, the actual moving speed of each wheel is the same and equal to the
moving speed of the center of the robot. After entering the elbow, the constraints of the pipe on the
wheels have changed, and the difference in the output speed of the wheels is reflected at this time.
The ratio of the velocities of the inner and outer wheels in the elbow is the same as that analyzed in (26).

The above situation shows that due to the speed difference between the inner and outer sides of the
straight pipe, the wheels slipped. To avoid energy waste and tire wear caused by wheel slippage, in
practical applications, the wheel speed is distributed according to the analysis in (26) at the elbow, and
the wheel speed is controlled to be the same in the straight pipe.

Figure 14 shows the simulation results of the contact force between the wheels and the inner wall of
the pipeline when the pipeline inspection robot moves in the horizontal elbow. Under the same condi-
tions, in mode A, the outer wheel (wheel1) receives a resultant force of 31N in the straight pipe and 23N
at the elbow; the inner wheel (wheel2) receives a resultant force of 27N in the straight pipe and 30N at
the elbow. In mode B, the outer wheel (wheel1) receives a resultant force of 20N in the straight pipe and
16.5N in the elbow; the inner wheel (wheel2) receives a resultant force of 12N in the straight pipe and
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Figure 15. Active steering movement in the T-branch: (a) Velocity. (b) Contact force. (c) Displacement.
(d) Contact force.

13N in the elbow. On the whole, the force on the wheels of the pipeline inspection robot in mode A is
greater than that in mode B.

Steering the movement of pipeline inspection robots in the T-branch has been very difficult. This
is because a single-module pipeline inspection robot cannot find contact points, and the robot will get
stuck in the T-branch. In theory, the pipeline inspection robot proposed in this paper can realize the
active steering movement in the T-branch by the differential motion of the inner and outer wheels in
the case of mode B. Also, in the motion simulation software, active steering movement is realized by
adjusting the differential movement of the inner and outer wheels. Figure 15(a) shows that when the
pipeline inspection robot enters the T-branch interface, the speed changes greatly, but the inner and
outer wheels still maintain a certain speed difference. Compared with the speed change in Figure 15(b),
the speed change is larger. Figure 15(c) shows the pipeline inspection robot starts to enter the T-branch
at 10s and leaves the T-branch at 17s. The simulation results show that the pipeline inspection robot
realizes the turning motion at the T-branch by the differential motion of the inner and outer wheels. But
the whole moving process is not a continuous, uniform circular motion, as the environment of the inner
wall of the pipe at the T-branch is far more complex than that of the elbow. And it is an uneven surface,
which hinders the robot’s steering movement.

According to (33), when the steering speed of the pipeline inspection robot is too high and the friction
force it receives is less than its centripetal force, the pipeline inspection robot will overturn when passing
the T-branch, and Figure 15(d) also confirms this point.

6. Experiment validation
6.1. Development of a pipeline robot prototype
The control system of the pipeline robot is shown in Figure 16. The entire system includes an Arduino
board, a stepper motor driver, a servo control board, a stepper motor, three DC motors, and three servos.
The control system is powered by a DC power supply, specifically a 24 V lithium battery. Since the
Arduino board, motor drivers, and various motors require different voltages, multiple buck modules are
used to reduce the power supply voltage.

Although the Arduino board has sufficient interfaces to control the entire system, experiments reveal
that when multiple interfaces are connected to the Arduino board simultaneously, the board is prone to
being overloaded. Therefore, a servo control board is used to drive the three servos, while the Arduino
board is responsible for controlling the stepper motor and DC motors. Furthermore, this study also
employs a four-channel L298N driver to control the three DC motors.

The pipeline robot prototype is shown in Figure 16. To facilitate real-time observation of the
pipeline’s internal conditions, an Intel D435i depth vision camera is arranged on top. The camera can
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Table II. Dimensional parameters.

Parameters Index
Overall Weight 2.25 kg
Diameter Adaptation Range 230–300 mm
Overall Height 250–270 mm

Figure 16. Prototype of the pipeline robot.

generate depth images even in dark environments. In this study, the IMU aids in measuring real-time
pose information of the robot, allowing for real-time adjustments to its position. The robot’s dimensional
parameters are listed in Table II.

6.2. Function verification
Straight pipes are common in pipeline systems, and navigating through them is the simplest task for a
pipeline robot. To verify the capability of the pipeline robot crawling in a straight pipe, a transparent
acrylic pipe with an inner diameter of 290mm is selected and placed horizontally and vertically. The
test of the pipeline robot in a straight pipe is shown in Figure 17. During crawling, the angles between
limbs are constant. The time required for the robot to crawl 30 cm is recorded using a watch, and five
repeated experiments are conducted. The corresponding data are shown in Table III. The result shows
that the average speed of the robot in the horizontal pipe is 26.5 cm/s, verifying that the speed of the
robot in the straight pipe meets the design target of 20 cm/s. Meanwhile, the speed of the robot in the
vertical pipe can achieve an average velocity of 23.4 cm/s, overcoming its own weight. Multiple tests
demonstrated that the pipeline robot can successfully crawl through the straight pipe.

The proposed pipeline robot can also travel in a bent pipe, which is given in Figure 18. The inner
radius of the pipe is 300mm, and the radius of this 90

◦ curvature is also 300mm. In order to achieve steer-
ing movement, a special velocity relationship should be satisfied, as shown in Figure 18. The experiments
verify that the robot can successfully travel through this bent pipe, and the wheels are always in contact
with the inner wall of the pipe during this process.

7. Conclusions
In this paper, a novel pipeline inspection robot was designed. First, a four-degree-of-freedom pipeline
robot is introduced using numerical synthesis and graph synthesis. Choose V = 7, No. 20 as the result of
numerical synthesis and the 18-th topological graph in the arrangement HQTQTQ as the result of graph
synthesis. The coupling mid-platform is inspired by a parallelogram mechanism, and then the over-
all pipeline mechanism is introduced, which can achieve synchronized contraction motion. Kinematic
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Table III. Velocity for the robot to crawl 30cm.

State No. v(cm/s) State No. v(cm/s)
Horizon 1 25.5 Vertical 1 23.5

2 26.7 2 23.4
3 27.9 3 24.0
4 25.2 4 24.1
5 27.1 5 22.0

Figure 17. Experiments in a straight pipe.

Figure 18. Experiments in a bent pipe.

closed-loop equations of the mechanism are established, and performance analysis, including stiffness
and dexterity, is conducted based on the Jacobian matrix. Meanwhile, the motion and force transmission
characteristics are analyzed through screw theory. Suppose the input value between 26mm and 89mm,
the maximum value of LTI is 0.907, indicating that the mechanism possesses good force transmission
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ability. And the speed and contact force of the robot are also calculated. The two motion modes of the
robot through the elbow are simulated, and the simulation results are combined to compare the two
motion modes. Finally, simulation verification is carried out for the proposed method of crossing the
T-branch. The simulation results show that the robot can realize active steering in the T-branch. Finally,
three occasions are chosen to verify its value, including a straight pipe with horizontal configuration, a
straight pipe with vertical configuration, and a bent pipe. The average velocity in a straight pipe with
horizontal and vertical configurations is 26.5 cm/s and 23.4 cm/s, respectively. And it can successfully
travel through a bent pipe with 90

◦ . In the future, the prototype of the pipeline inspection robot will
be developed and applied in the inspection and maintenance of oil pipelines, natural gas pipelines, and
drainage pipelines.
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