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Abstract
In order to improve the elbow passing performance and different diameter adaptability of pipe-

line robot, a supported crawler pipeline robot is designed, which adopts screw nut mechanism and
hinge four-bar mechanism to adapt to the complex environment such as variable diameter pipeline
and elbow. The steering characteristics passing through the elbow are studied, the kinematic of pipe-
line robot bending steering is established, the geometric constraint (GC) and steering constraint
(SC) in the elbow are analyzed, and the steering experiment is conducted. The results show that
the robot can pass through the elbow by the SC model. The SC model can reduce the motor current
and energy consumption when the robot passes through the elbow.

Key words: crawler pipeline robot, steering characteristics, geometric constraint(GC), steer-
ing constraint(SC)

0　 Introduction

Pipeline robot is a special robot which can carry a
variety of sensors and operating machinery to move
along the pipeline[1] . According to the differences in
movement modes, pipeline robot can be divided into
six categories, i. e. wheel type, crawler type, spiral
type, bionic type, walking type and differential pres-
sure type[2-5] . However, the steady operation, detec-
tion and maintenance of pipeline robot in special pipe-
lines ( such as variable diameter pipelines, elbows,
etc. ) are still in its infancy[6] . Due to the wide appli-
cation of special pipelines, the research of pipeline ro-
bot is of great significance.

Crawler pipeline robot increases the contact area
with the inner surface of the pipeline, and has obvious
advantages in terms of stable operation, carrying load
capacity and other aspects. It can better adapt to the
changes of the pipeline and becomes the research focus
of the special pipeline field[7-9] . Ref. [10] proposed a
steering algorithm which ensures that the robot can pro-
vide enough support in the bend pipe. Refs[11,12]
developed a cylindrical crawler robot and proposed a
simple steering principle of the crawler robot, which
could pass all t-shaped branch paths. Ref. [13] pro-
posed a robot with integrated steering mechanism,
which has good load-bearing capacity and adaptability

to different pipe diameters and obstacles. Ref. [14]
analyzed the influence of the robot’s initial attitude on
the cornering performance. When the initial attitude
angle is 0 °, the robot could pass through the L-shaped
elbow. With the change of the initial attitude angle,
the rotation angle of the robot would change greatly,
and the robot could not even pass through the elbow.
Refs[15,16] analyzed the varying regularity of the ro-
bot’s velocity with the pipeline’s curvature radius, the
robot’s axial length and the attitude angle around the
pipeline axis. Ref. [17] used speed coordination mod-
el to reduce motor torque and energy consumption in
the steering process. Ref. [18] verified that when the
robot was turning, more accurate dynamic characteris-
tics can be obtained by incorporating the change of rel-
ative distance between the centroid and the middle line
of the pipeline into the motion analysis equation.
Ref. [19] verified that the attitude can be adjusted by
adjusting the pressure and speed of each crawler.

Scholars analyzed the parameter changing, motion
characteristics and components collaboration of the
pipeline robot turning. However, different robot is de-
veloped according to the specific working environmen-
tal, and the application scene is single[20] . In addi-
tion, the existing pipeline robot has complex mechani-
cal structure, which is generally cumbersome and det-
rimental to lightweight and miniaturization. To ensure
the stable movement of pipeline robot, it is necessary
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to study the adaptability of the robot to the different
pipelines.

Aiming at the problems of poor cornering perform-
ance, small diameter adaptability range, complex me-
chanical structure and inconvenient control of pipeline
robot, a kind of crawler pipeline robot is designed, which
can adapt to the pipeline diameter of 250 -400 mm. The
radial expansion device of the pipeline robot is de-
signed by using screw nut and hinge four-bar mecha-
nism, which can improve the adaptability of different
pipe diameter. The steering characteristics of crawler
pipeline robot are studied. The geometric constraint
(GC) model and steering constraint ( SC) model of
crawler pipeline robot is established, and the varying
regularity of curvature radius, expansion diameter and
velocity of pipeline robot is deduced. The experiment
platform of crawler pipeline robot steering is built, and
the influence of SC model on the pipeline robot ’ s
steering motion is compared and analyzed. The ration-
ality of robot structure design and SC model is verified
by experiments.

1　 Structure design

To pass through the pipeline with different diame-
ter smoothly, the pipeline robot should meet two re-
quirements, which are cornering ability and adapting to
different pipe diameter.

To improve the movement ability of the pipeline
robot and the interchangeability of components, the ro-
bot is designed with three modules, namely the crawler
travelling module, the radial expansion module and the
basal body, as shown in Fig. 1. The crawler travelling
module provides the driving force for the robot to walk.
The radial expansion module endows the robot with
flexible adaptability to different pipe diameters and en-
sures that the crawler travelling module is in well con-
tact with the inwall.

Fig. 1　 Structure composition

1. 1　 Crawler travelling module
Three groups of crawler modules are evenly dis-

tributed along the central axis of the robot to enable the
robot to enter the pipeline in any posture. As shown in
Fig. 2, the three groups of crawler modules are equipped
with built-in power drive device, which can realize in-
dependent movement of the crawler module. By con-
trolling the synchronous operation of three crawler mod-
ules, the robot can move smoothly in the straight pipe.
The crawler module is connected with the pipe diame-
ter adaptation module through bolts. By adjusting the
rotational speed of each crawler module and the radial
expansion of the pipe diameter adaptation module, the
pipeline robot can have the ability of obstacle crossing
and three-dimensional turning in pitch and yaw direc-
tions.

Fig. 2　 Crawler travelling module

1. 2　 Radial expansion module
As shown in Fig. 3, radial expansion module

which is designed by screw nut mechanism includes
rocker arm, expansion link, sliding disk, lead screw,
special-shaped nuts, expansion motor, gear transmis-
sion device and other parts.

1 Rocker arm; 2 Expansion link; 3 Sliding disk; 4 Gear transmission de-
vice; 5 Lead screw; 6 Special-shaped nuts; 7 Expansion motor; 8 Rocker
bracket

Fig. 3　 Radial expansion module

The expansion motor transmits the driving torque
to the lead screw through gear transmission device.
Three screws are all distributed around the basal body
and fixed by sliding disk and special-shaped nuts. The
screw rotates and pushes the special-shaped nut to
move in a straight line, and then pushes the sliding
disk to move back and forth along the axis. The expan-
sion link which is hinged on the sliding disk changes
the supporting angle to make the crawler module close
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to the inner wall of the pipe, so that there is enough
positive pressure between the crawler module and the
pipe wall to make the robot move smoothly. It can also
provide enough adhesion to overcome gravity and all
kinds of traveling resistance to realize the pipeline ro-
bot moving in vertical pipes. The pipeline robot can
adapt to pipes with diameters between 250 - 400 mm
by software calculation.

2　 Steering motion analysis

When the pipeline robot turns, it is necessary to
solve the two problems which are the incompatibility
between the robot body and the pipeline space, and the
influence of pipeline curvature on the motion perform-
ance of the robot[21], otherwise, the pipeline robot will
be stuck.

2. 1　 Geometric constraint analysis
During turning, to make the pipeline robot pass

through the elbow smoothly, the structure size, pipe
diameter and curvature radius of the pipeline robot
need to meet the specific relationship.

It is most difficult for the robot to navigate in the
middle of the pipe elbow (the limit state), so if it can
navigate through the middle of the bend, it can navi-
gate the entire pipe section. The pipeline robot is sim-
plified to a cylinder, as shown in the shaded area of
Fig. 4 and Fig. 5.

Fig. 4　 0≤d≤D / 2

Fig. 5　 D / 2≤d≤D

For the different situation of the pipeline robot,
the geometric constraint of the pipeline robot can be
analyzed as followings.

(1) When 0 ≤ d ≤ D / 2, both ends of the pipe-
line robot are located at the straight pipe in the limit
state, as shown in Fig. 4, the size of the pipeline robot
should meet
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where, d is the robot extension diameter, l is the
length of the pipeline robot, D is the diameter of the
pipeline, r is the minimum curvature radius of the ro-
bot through the elbow, and λ is the bending angle.

(2) When D / 2 ≤ d ≤ D, both ends of the pipe-
line robot are located at the elbow in the limit state, as
shown in Fig. 5, the size of the pipeline robot should
meet

( r + D
2 )cosλ - ( r - D

2 ) < d < D

lmax = 2 (D - d)(2r + d)
{ (2)

Assuming that the robot can pass a right-angle el-
bow (λ = 45 °) with curvature radius R ≥ 1. 5D, the
ratio of the robot expansion diameter to the pipeline di-
ameter k1 and the ratio of the robot’s length to the pipe
diameter k2 are defined, then Eq. (1) and Eq. (2) can
be simplified as

k2 ≤4 2 - 2 - 2k1, 0 ≤ k1 ≤ 2 - 1
k2 ≤ 4(1 - k1)(3 + k1), 2 - 1 ≤ k1 ≤1

{
(3)

where k1 = d / D, k2 = l / D.
According to Eq. (3), the relationship between

pipe diameter and robot extension diameter that can
pass through the elbow can be obtained, as shown in
Fig. 6, and the relationship between the length ratio of
the robot and the expansion diameter ratio is drawn, as
shown in Fig. 7.

The range of D and d in the two cases is shown in
the shaded area in Fig. 6, the size range of the robot
extension diameter can be solved when the pipe diame-
ter is determined. On the premise of passing the el-
bow, the robot length ratio will decrease with the in-
crease of the expansion diameter ratio as shown in
Fig. 7. When the robot completely shrinks, the expan-
sion diameter of the robot is 250 mm, if the pipe diam-
eter is 310 mm, and the maximum length of the robot is
532 mm, which is larger than the actual length of the
robot ( l = 338 mm). The results show that the de-
signed pipeline robot satisfies the pipe geometry con-
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straints and can pass through the elbow with R ≥1.5D.

Fig. 6　 The relationship between D and d

Fig. 7　 The relationship between k1 and k2

2. 2　 Steering constraint analysis
When the pipeline robot passes through the el-

bow, the displacement of the crawler module is differ-
ent. Therefore, the pipeline robot should not only sat-
isfy the geometric constraints, but also satisfy the steer-
ing constraints. The process through the elbow pipeline
is divided into two stages, i. e. , transition stage and
steering rotation stage.

Taking the curvature center O at the elbow section
as the coordinate origin, the {O} coordinate system is
established. The x axis is parallel to the velocity direc-
tion when the pipeline robot enters the elbow, the z ax-
is is perpendicular to the plane formed by the pipeline
center axis, and the y axis is perpendicular to the
plane xOy according to the right-hand principle.

When the pipeline robot travels, the driving wheel
of each crawler module is connected to the contact
point of the pipe wall to form an end face perpendicular
to the forward direction.

The robot coordinate system {Or} is established
by taking the intersection point of the end face and the
pipe axis as the origin of coordinates. The xr is along

the central axis of the pipeline robot, and the positive
direction is consistent with the forward direction. The
yr axis is perpendicular to the xr axis, pointing to the
central direction of the crawler module 1, and the zr
axis is perpendicular to the xrOryr plane. The positive
direction conforms to the right-hand principle. Moreo-
ver, each crawler module does not affect each other,
and the robot’ s motion process of the robot in the el-
bow can be understood as the rotation of each crawler
module around the z axis.
2. 2. 1　 Transition stage

In this stage, the pipe robot does planar motion,
therefor it can be analyzed by rigid body planar motion
as shown in Fig. 8. In the initial state, the contact
points between the three groups of crawler modules and
the front of the pipeline’s inner wall are about to enter
the elbow section, and the matrix of the coordinates of
the front and back contact points in the robot coordi-
nate system is expressed as (replace cos, sin with s, c
in the matrix)

Wf =

l l l
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where, l is the length between the front and the rear
contact points of the crawler module; φ is the attitude
angle of pipeline robot, as shown in Fig. 9.

Fig. 8　 The process through the elbow pipeline
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Fig. 9　 Attitude angle of pipeline robot

In a certain state of the transition stage, the trans-
lation vector of the robot in the world coordinate system
is

T =
rsinη - lcosθ
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where, η is the turning angle of the center of the robot’s
front face in the elbow, θ is the rotation angle of the ro-
bot coordinate system.

According to the position relationship of robot in
the transition stage, it can be obtained as

r(1 - cosη) = lsinθ (7)
In the robot coordinate system, the pipeline robot

rotation matrix is

R = Rot( z,θ) =
cosθ sinθ 0
- sinθ cosθ 0

0 0 1
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In the coordinate system {O}, the coordinates of
the contact point between the robot crawler module and
the pipeline’s inner wall can be described as

W′f = R·Wf + T
W′b = R·Wb + T{ (9)

The velocity of the contact point between the robot
crawler module and the pipeline’ s inner wall can be
described as the derivation of W′b and W′f for time.

dW′f
dt =

vfx1 vfx2 vfx3
vfy1 vfy2 vfy3
0 0 0
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dW′b
dt =
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where, vfxi and vfyi ( i = 1, 2, 3) represent the x, y di-
rection components of the front-end contact point world
coordinate system {O}; vbxi and vbyi ( i = 1, 2, 3) are
the components of the x, y direction of the rear-end
contact point world coordinate system {O} and the ab-
solute velocity of the back-end contact point is

vfi = v2fxi + v2fyi
vbi = v2bxi + v2byi

{ (12)

In the robot’ s transition stage, the velocity ratio
of the front and robot’ s rear contact points should be
coordinated and controlled to be equal to the rotational
speed ratio, namely

nf1:nf2:nf3:nb1:nb2:nb3 = vf1:vf2:vf3:vb1:vb2:vb3
(13)

However, due to the same speed of the crawler ro-
bot’s front and rear ends, it will inevitably lead to in-
ternal friction. Therefore, the robot should slow down
in the transition stage to reduce internal friction and in-
crease smoothness.
2. 2. 2　 Steering rotation stage

The steering rotation stage of the pipeline robot is
similar to the transition stage, as shown in Fig. 8. The
pipeline robot rotates around the z axis of the world co-
ordinate system. To reduce internal friction and in-
crease the operation stability of the robot, the velocity
ratio of the front and back contact points between the
robot crawler module and the pipeline’ s inner wall
should be equal to the ratio of the radius of curvature
corresponding to the contact points, so that the robot
can pass through smoothly. Therefore, the motion con-
straint model of the robot in the rotation stage is

n1:n2:n3 = R1:R2:R3 (14)
where, ni and R i are respectively the speed of the ith
crawler module and the radius of rotational curvature of
the contact point between the crawler module and the
elbow ( i = 1, 2, 3).

Since the pipeline robot is designed with a modu-
lar structure and each crawler module is identical, the
three groups of crawler modules’ velocity can be coor-
dinated and controlled according to Eq. (14), so that
the robot can pass the rotation stage smoothly.

3　 Experimental study

3. 1　 Control system design
Robot control is a very complicated process, and

the control system belongs to nonlinear system. It is
impossible to construct a complete and accurate object
model because the robot parameters obtained are not
very accurate. There are a lot of non-deterministic fac-
tors for the specific application environment. To im-
prove the quality of control, proportion integral differ-
ential (PID) control, fuzzy control and neural network
control are often used. In this paper, the PID algo-
rithm of AQMD2408BLS-M driver is used to realize the
speed control of tracked robot. The robot’s control sys-
tem is composed of host computer, sensor, driver and
cable, as shown in Fig. 10.

The host computer module controls the
AQMD2408BLS-M driver to perform motor drive through
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Fig. 10　 Control system structure diagram

the 485 bus output control instruction; at the same time,
the hall sensor and the laser ranging sensor perceive
the running state and the surrounding environment of
the robot, and the motor parameters and the distance
from the elbow are transmitted to the driver in real
time. The sensor information returned by the sensor
module is received through the 485 bus, and the infor-
mation is fed back to the host computer. The corre-
sponding processing and adjustment of the motor output
are carried out to realize the robot’ s effective motion
control in the pipe.

3. 2　 Robot steering motion experiment
As shown in Fig. 11, the cornering performance of

the robot is tested by combining two straight pipes and
one elbow pipe.

Fig. 11　 Pipeline structure

The parameters of the pipeare shown in Table 1.

Table 1　 Parameters of the pipeline
Pipeline Parameter

Straight
Length 1500 mm

Inner diameter 310 mm

Elbow
Inner diameter 319 mm
Curvature radius 423 mm
Bending angle 90 °

The prototype of the pipeline robot is shown in
Fig. 12. Fig. 12(a) shows the pipeline robot in fully
extended state and Fig. 12(b) shows the pipeline robot
in fully contracted state.

Fig. 12　 Robot prototype

　 　 The pipeline robot decelerates and passes in the
transition stage, and the steering speed constraint mod-
el is adopted in the steering rotation stage, and the at-
titude angle of entering the elbow is set to 0 °. The
pipeline robot steering motion experiment process as
shown in Fig. 13 and the six groups of expansion diameter
data and experimental results are shown in Table 2.
The experiments show that the geometric constraint
model of the pipeline robot is effective.

To verify the feasibility of the pipeline robot’ s
steering motion constraint model, the speed of the
crawler module is set according to the steering con-
straint (SC) model and the constant speed (CS) mod-
el of the three crawler modules. In the experiment, the
speed setting of the robot is shown in Table 3.

Table 2　 Extension diameter data and the results
Extension diameter Experimental results

270 mm successful
275 mm successful
280 mm successful
285 mm failed
290 mm failed
295 mm failed

Table 3　 Robot speed setting
Crawler
module

Straight pipe
stage / (m / min)

Transition
stage / (m / min)

Turning
stage / (m / min)

C1 4 3 1. 37
C2 4 3 2. 96
C3 4 3 2. 16
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Fig. 13　 Robot steering motion experiment process

Since the internal friction of the robot is linearly
correlated with the current, the average current of the
robot crawler travelling module is used to represent the
robot’s internal friction.

The experimental results show that the current
changes of two models is different when robot pass
through the elbow, as shown in Figs14 - 16, which are
the current comparison diagrams when passing through
the elbow at 0 °, 30 ° and 90 ° attitude angles, respec-
tively. It can be found that the peak value and fluctua-
tion degree of the robot motor current increase signifi-
cantly when CS model passes through the elbow regard-
less of the attitude, while SC model passes through the
elbow and the robot motor current remains stable and
the peak value is small in the steering rotation stage.
As can be seen from Figs14 -16, the maximum current
of SC model is 1. 45 A, while the maximum current of
CS model is 2. 3 A, and the maximum current of SC
model is 36. 96% lower than that of CS model. Thus,

Fig. 14　 Motor current comparison at 0 ° attitude angle

Fig. 15　 Motor current comparison at 30 ° attitude angle

Fig. 16　 Motor current comparison at 90 ° attitude angle

SC model can effectively reduce the internal friction of
motor, which verifies the rationality of SC model.

4　 Conclusions

A supported crawler pipeline robot is designed to
adapt to the changing pipeline diameter, which has
good cornering performance. A geometric constraint
model and a steering constraint model are proposed,
and the robot steering motion experiments are per-
formed. When the pipeline robot travels in a straight
pipe, the actual current is less than the maximum cur-
rent of the motor, and the robot travels smoothly; when
passing through elbow, the speed of the pipeline robot
is set according to the geometric constraint model and
the steering speed constraint model, which can smooth-
ly pass through the curved pipe, and at the same time,
it can be greatly reduce the motor current, reduce en-
ergy consumption. When the pipeline robot turns, the
maximum current of crawler module motor with SC
model is reduced by 36. 96% compared with CS mod-
el, which verifies the feasibility of the SC model.
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