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and repairing pipelines [4]–[6]. However, some problems
and diﬃculties exist in real applications. Oil and gas
pipeline grids come in various complex sizes and shapes.
Using curved pipes, branch pipes, and ﬁttings is inevitable.
In-pipe robots, which can adapt well to changes in pipe
shape and size, (particularly curved pipes) are urgently
required.
In recent years, many famous scholars have conducted
extensive research on the use of in-pipe robots for complex pipeline inspection, particularly curved pipes. These
robots have several diﬀerent structures and driving approaches.
(1) Active wheel steering: A stable and smooth fuzzy
steering controller is constructed to operate inside
pipes [7]. The steering wheel is installed in front
of the robot. It steers actively inside curved pipes
via fuzzy control. However, passing through complex
pipes highly depends on fuzzy control rules, which are
subjective.
(2) Self-deformation of a robot to adapt to pipe bending:
A mobile robot “KANTARO” has been proposed for
sewer pipe inspection [8]. The wheels of this robot
can adapt to pipe bends passively through the passiveactive intelligent moving mechanism. Another miniature pipe inspection robot has been presented; this
robot can also move through extremely small pipes
(with up to 41 mm inner diameter, which is equal to
the driving wheel diameter of the robot) [9]. A robot
called “SPRING” has been developed as a new piping inspection robot that can travel through gas pipes
with reducers and elbows [10]. Complex structures
and controlling strategies are always necessary when
applying this turning principle.
(3) Passing through curved pipes via a diﬀerential mechanism: A wheel-type pipeline robot with environmental
self-adaptation capability and diﬀerential motion function has been developed [11]. This robot can automatically regulate the speed of driving wheels through the
tri-axial diﬀerential mechanism to improve the locomotion compliance. MRINSPECT VI++ with diﬀerential
gear mechanism is designed to be driven with single
actuator at elbow type pipelines without additional
control eﬀorts [12].
(4) Modular in-pipe robot with hinge or ﬂexible connection: A robot called “OmniTread OT-4” can climb
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1. Introduction
Pipe safety problems have become a critical issue as global
pipeline construction rapidly develops. Over the past
decades, the number of pipeline ﬂuid leakage and explosion accidents has been increasing sharply because of the
lack of safety awareness in eﬀective measures for pipeline
inspection. Pipeline accidents lead to serious casualties,
economic losses, and even ecological damages.
Several methods (e.g., manual excavation, device detection on ground, and pipeline pig inspection) should
be implemented to decrease pipeline accidents by inspecting pipelines regularly [1]–[3]. At present, in-pipe robot
inspection is the most widely studied method for detecting
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over obstacles that are considerably higher than its
size; it can also propel itself inside pipes with diﬀerent diameters [13]. However, this robot is diﬃcult to
control when travelling through large-diameter pipes,
elbows, or T-branches. The authors [14] have produced
a modular inchworm helical in-pipe robot. A conic coil
spring that allows extension and retraction is placed
between helical drives. This in-pipe robot has considerably good mobility when turning a bend passively
because of its ﬂexible body (conic springs provide the
inchworm robot with a compliant mechanism).
However, the curve passing function of in-pipe robots
remains diﬃcult to achieve. If a single module of the
aforementioned modular in-pipe robot is slightly long, then
getting stuck in curves is easy. Most turning principles,
including those in the previous works of the authors, are
passive [15], [16]. Thus, the structure of the robot itself
cannot compliantly solve the problem of passing through
curved pipes. Some of these principles are diﬃcult to
apply in auto-control in pipe bends and in adapting to such
hostile environments.
In the present study, we present a new design of a variable pitch helical drive in-pipe robot that can pass through
curved pipes actively by calculating and controlling the
helical angle of each driving wheel separately. Given that
driving wheels have diﬀerent moving speeds, this robot can
be concentric with the centre of the pipe when passing
through curves. It can also prevent itself from being stuck
in the pipe. The moving ﬂexibility of this robot is also improved. The proposed robot provides new ideas for future
research on robot traﬃcability characteristics in complex
pipelines.

Figure 1. Two situations in pipe: (a) typical screw drive
in-pipe robot and (b) variable pitch helical drive in-pipe
robot.
and thus, they exhibit the same speed. Consequently, the
moving direction of the typical screw drive in-pipe robot is
forward and straight. When passing curved pipes, only the
pipe-bending shape can passively change the orientation of
the robot. Thus, the curved trajectory does not coincide
with the pipe centre line. The plane of the robot wheels is
egg shaped, which is irregular for wheels to pass through
curved pipes. The contact pressure between the pipe
inner wall and the wheel in the outer side of the pipe is
excessively large, whereas the status of the wheel in the
inner side of the pipe is always slippery. Consequently, the
robot can easily get stuck in the pipeline.
Figure 1(b) shows a variable pitch helical drive in-pipe
robot. The helical angles of the driving wheels can be
adjusted when the robot is moving in pipelines. The three
driving wheels can be adjusted in diﬀerent helical angles
to achieve various moving speeds. When passing curved
pipes, the outer wheel accelerates, whereas the inner wheel
decelerates. Accordingly, the central moving trajectory of
the variable pitch helical drive in-pipe robot is curved, and
it coincides with the pipe centre line. Therefore, the plane
of the robot wheels is circular and nearly along the radial
direction of the pipe. This mechanism, which is called
“passing through curved pipes actively,” is the goal that
we intend to attain in this research.

2. Basic Design Concept
Eight basic robot types that can be used in pipelines are
available: pig, wheel, caterpillar, wall-press, walking, inchworm, helical, and snake types [17], [18]. With the recent
demand for miniaturization and simpliﬁcation, many studies have focused on helical-type in-pipe robots, which can
be used in the petroleum, chemistry, and nuclear ﬁelds
[19]–[21]. First, a helical-type robot has a simple structure
with only one driving motor, and thus, it is easy to miniaturize. This type of robot also demonstrates high reliability in hostile pipeline environments. Second, a helical-type
robot can pass through pipes with torques smaller than
those of typical wheeled robots [16]. It can also conduct
full pipe diameter coverage contact measurement without
requiring any auxiliary rotation motor.
However, a helical-type in-pipe robot experiences some
diﬃculties when passing curves. The driving wheels of typical helical-type in-pipe robots have the same inclination
angle that provides the same rotation speed. This structure
frequently causes eccentricity and stoppage in elbows. In
this study, we investigate a novel variable pitch helical drive
in-pipe robot that has driving wheels with diﬀerent helical
angles. This robot exhibits good traﬃcability and can remain at the centre even when passing through curved pipes.
Figure 1(a) shows a typical screw drive in-pipe robot.
The three driving wheels are in the same helical angle,

3. Variable Pitch Helical In-Pipe Robot Design
3.1 Structure
The variable pitch helical in-pipe robot consists of a power
unit, a driving unit, a centring unit, and a variable pitch
unit. The power unit (a DC source or a built-in battery)
provides power to the robot. The driving unit provides
the robot with driving force. The centring unit makes the
robot concentric with the pipelines. The variable pitch unit
can adjust the inclination angle (helical angle) to change
the driving force and moving speed of the robot. Springs
are installed on the driving wheels and the centring wheels
to adjust the diameter of the pipe. The driving wheels
press on the inner pipe wall to produce the driving force.
The concrete structure is shown in Fig. 2.
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Figure 2. Variable pitch helical in-pipe robot structure.
Figure 4. Schematic of working principle of the variable
pitch adjusting mechanism: (a) the initial state and (b)
variable pitch state.
3.3 Motion
After the driving motor starts, torque is transmitted to
the central axis. Then, the motor driving shaft rotates
along with the central axis. Given that the driving wheels
press on the inner pipe wall, they rotate in a helical
path and cause the whole in-pipe robot to move forward.
The guiding wheels press on the inner pipe wall and play
an important role in centring and balancing the counter
torque. The variable pitch mechanism is applied to the
driving unit to adjust the inclination angles of the driving
wheels.
The variable pitch helical in-pipe robot has three motion patterns.
(1) Normal motion: The outer ring remains stationary
with the centring unit. The inner ring rotates along
with the driving unit. The robot maintains a constant
speed and a helical angle.
(2) Variable speed motion: The output axes of the linear
stepping motors are adjusted to be in the same length.
Then, the inner and outer rings move together in parallel, which results in a new and the same inclination
angles to the driving wheels. Thus, the speed of the
robot can be changed without changing the rotation
speed of the driving motor.
(3) Turning motion: The output axes of the linear stepping
motors are adjusted with diﬀerent lengths. Then,
the outer and inner rings are inclined together, which
results in diﬀerent inclination angles to the driving
wheels. Thus, the pitch of the helical moving trajectory
of the driving wheels can be changed when passing
curved pipes. The robot can pass through a curved
pipe actively.

Figure 3. Structure overview of the variable pitch adjusting
mechanism.

3.2 Principle of Variable Pitch

The pitch of the moving trajectory of the driving wheels
can be adjusted by changing the helical angle of each
driving wheel separately. Thus, the three driving wheels
can achieve diﬀerent moving speeds along the forward
direction of the robot. The diﬀerent speeds of the three
driving wheels make the robot ﬂexible, particularly when
passing elbows.
The structure overview of the variable pitch adjusting
mechanism is shown in Fig. 3. The driving motor rotates
the driving wheel frame. Thus, the driving wheels rotate
under the inﬂuence of the friction force between the driving
wheels and the inner pipe wall. Figure 4 shows one of the
pitch adjusting mechanisms. The driving wheel is initially
parallel to the cross section of the pipe (Fig. 4(a)). The
linear stepping motor is controlled to change the length of
its output axis. Then, the inner and outer rings on the
central axis move or tilt. The connecting rod pushes the
driving wheel to tilt at a new angle. The inclination angle
of the driving wheel can be changed accordingly (Fig. 4(b)).
Thus, the pitch of the helical moving trajectory of a driving
wheel can be changed. If the three helical angles of the
driving wheels are controlled in the same value, then the
robot is in variable speed motion. Otherwise, it is in
turning motion. The details are described in Section 3.3.

4. Kinematics Analysis
Whether a robot can achieve helical motion in a pipe and
pass through curved pipes successfully highly depends on
the working principle of the robot and on the inner shape
of the pipe. The kinematics models of two diﬀerent helical
motions in curved pipes are built in this section.
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Figure 5. Kinematics model of constant pitch.
Figure 6. Kinematics model of variable pitch.

4.1 Constant Pitch Space Spiral Trajectory in
Curved Pipes
Typical screw drive in-pipe robots nearly have the same
structure that contains a stator and a rotator [22]–[24].
This type of robot can pass through straight pipes with
high reliability. However, when passing curved pipes, the
driving wheels of such robot have the same inclination
angle. The space spiral trajectories of the driving wheels
are in the same constant pitch [25]. Therefore, the robot
passively passes through curved pipes. The kinematics
model of one trajectory is shown in Fig. 5.
Three coordinates are established: one is global coordinate XYZ, whereas the other two are local coordinates
x1 y1 z1 and x2 y2 z2 . A curved pipe that rotates 90◦ around
the Y -axis is parallel to the XZ plane. At ﬁrst, coordinate
x1 y1 z1 rotates around the z2 -axis with rotation angle ϕ
and radius r. A constant inclination angle α (the inclination angle of a driving wheel) of the y1 -axis exists. Then,
coordinate x2 y2 z2 rotates around the Y -axis with rotation
angle β and radius R. Thus, the ﬁnal trajectory is a helical
line that exhibits bending and upward motion. The constant pitch space spiral trajectory equation is established
as follows:
⎧
⎪
⎪
x = (R + r · cos ϕ) · cos β
⎪
⎨
y = r · sin ϕ
⎪
⎪
⎪
⎩ z = (R + r · cos ϕ) · sin β

Figure 7. Diagrammatic sketch of two types: (a) constant
pitch and (b) variable pitch.
wheels independently. In particular, when one of the
driving wheels is passing the outer side of the curved pipe,
its helical angle should have the maximum value among the
three driving wheels. By contrast, if it is passing the inner
side of the curved pipe, its helical angle should have the
minimum value. Accordingly, the outer wheel moves fast,
whereas the inner wheel moves slowly. The turning motion
is active, and the robot achieves an excellent elbow-through
performance. Figure 6 shows the kinematic model.
Three coordinates are established, and the parameters
are the same as those presented in Section 4.1. The relative
motions of the three coordinates are also similar to those
given in Section 4.1. The diﬀerence is that helical angle
α is variable. The helical angle of outer point A on the
helical trajectory has the maximum value. The forward
movement of local coordinate x1 y1 z1 results in the decrease
of the helical angle to zero at point B on the inner side.
Then, the helical angle increases to the maximum value at
point C on the outer side. Point C starts a second cycle.
The diﬀerent helical angles of the constant pitch and
the variable pitch are shown in Fig. 7. The rotation angle β
shown in Fig. 7(a) can be calculated using (2). The helical
angle α shown in Fig. 7(b) is variable, and is assumed to
be in the following periodic value:

(1)

where β and α exhibit the following relationship:
β=

rϕ tan α
R

(2)

4.2 Variable Pitch Space Spiral Trajectory in
Curved Pipes
The variable pitch helical in-pipe robot introduced in this
study can change the inclination angles of the three driving

α=
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k
k
cos ϕi +
2
2

(3)

where ϕ is equal to 2πnti , and i values range from 1 to
the total number m of the collected data. In this study,
k denotes the maximum helical angle, and n denotes the
rotation speed. The helical angle, which continuously
changes over time, is divided into a limited number of
constant values. Then, arc lengths, which correspond to
each helical angle, are accumulated. Thus, we have the
ﬁnal arc length L of the curved trajectory of the z2 -axis:
L=

m


2πnr (ti − ti−1 ) · tan α

4.3 Space Spiral Trajectory Comparison
The parameters are deﬁned as R = 600 mm, r = 100 mm,
n = 0.1 r/s, and t = 0 to 220/3 s. The maximum helical
angle of the variable pitch is 20◦ , whereas its minimum
helical angle is 0. The helical angle of the constant pitch
should be 10◦ (the average value ranges from 20◦ to 0◦ ) to
make the two trajectories comparable. The two trajectories
are shown in Fig. 8. Outer point A is the starting point
of the helical trajectory, and inner point B is on half the
period of rotation angle ϕ. The helical angles α of points
A and B are both 10◦ in Fig. 8(a). However, Fig. 8(b)
shows that the helical angle α of point A is 20◦ , whereas
that of point B is 0. The comparison of the constant pitch
and the variable pitch is shown at the front view of Fig. 9.
Figure 9(a) is in constant pitch, and the helical angle is
constant. Figure 9(b) is in variable pitch, and the helical
angle decreases from the maximum value to 0 and then
increases from 0 to the maximum value in every period.

(4)

i=1

Rotation angle β can be obtained as follows:
 
L
β =  
R

(5)

The ﬁnal variable pitch space spiral trajectory equation
can be derived by substituting (3), (4), and (5) into (1).

Figure 8. Two helical trajectories: (a) constant pitch and (b) variable pitch.

Figure 9. Front view of two helical trajectories: (a) constant pitch and (b) variable pitch.
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5. Prototype and Experiments
A prototype of the variable pitch helical in-pipe robot is
developed, as shown in Fig. 10, to validate the variable
pitch structure and motion characteristics. The prototype
is 230 mm long. It can adapt to pipe diameters ranging
from 160 mm to 210 mm.
As illustrated in Fig. 11, the MCU communicates with
a computer via the WiFi module. The MCU controls three
linear stepping motors and a DC motor. The driving wheel
frame is driven by the DC motor. A current sensor is
used to measure driving current. Real-time posture of the
prototype can be measured by the three-axis gyroscope of
MPU 6050.

Figure 12(a)–12(c) illustrate the variable pitch adjusting mechanism and the three states of motions (normal
motion, variable speed motion, and variable pitch helical
turning motion), as described in Section 3.3.
5.1 Variable Speed Motion
Two comparative experiments are performed to verify variable speed motion in the pipe. The helical angle of the
robot shown in Fig. 13(a)–13(c) is 5◦ , whereas that in
Fig. 13(d)–13(f) is 45◦ . The robot is driven to move forward in a Plexiglas pipe within 4 s with diﬀerent helical
angles. As shown in Fig. 13, the robot with the larger
helical angle moves faster than the one with the smaller
angle.
5.2 Turning Motion

Figure 10. A prototype of variable pitch helical in-pipe
robot.

Figure 11. Diagram of the control system.

Turning motion experiments are conducted to verify the
correctness and validity of the variable pitch working principle and the variable pitch adjusting mechanism. The
three helical angles of the robot are initially equal in the
straight pipe. When passing through the curved pipe,
the three linear stepping motors are controlled to obtain
diﬀerent elongations. Thus, the outer ring on the central
axis inclines. The inclination angle of the driving wheel
increases on the outer side of the pipe and then decreases
when approaching the inner side. The robot successfully
passes through the curved pipe with 135◦ , as shown in
Fig. 14.
Figure 15 shows the comparison between constant
pitch and variable pitch when the robot is passing through
a curved pipe. The angle data are collected by the threeaxis gyroscope of MPU 6050 to show the posture of the
prototype. As is shown at 5 s to 6 s in Fig. 15(a), severe
vibration and slippage happens when the prototype with
constant pitch is passing through a curved pipe. It is
easy to get stuck in curves. As is shown in Fig. 15(b),
the prototype with variable pitch moves quite smooth
and stable when passing through a curved pipe. This
experiment shows that the novel variable pitch helical
in-pipe robot exhibits better turning ﬂexibility and
stability in curved pipes.

Figure 12. Three states of motions: (a) normal motion; (b) variable speed motion; and (c) variable pitch helical turning
motion.
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Figure 13. Variable speed motion of two helical angles: (a) to (c) 5◦ and (d) to (f) 45◦ .

Figure 14. Turning motion: (a) before entering a curved pipe; (b) in a curved pipe; and (c) pass through a curved pipe
successfully.

Figure 15. Angle of 3-axis gyroscope when passing through a curved pipe: (a) constant pitch and (b) variable pitch.
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6. Conclusion
[9]

In this study, we propose a novel concept of variable pitch
helical drive in-pipe robot that can actively pass through
curved pipes by calculating and controlling the helical
angle of each driving wheel separately.
(1) Unlike the passive tuning mechanism of in-pipe robots
reported previously, the diﬀerent moving speeds of the
driving wheels enable the proposed robot to travel
through curves actively and ﬂexibly.
(2) This robot can switch between three motion patterns
(normal, variable speed, and turning) by controlling
variable pitch adjusting mechanism.
(3) The kinematics of the proposed variable pitch helical
drive in-pipe robot is analysed by comparing with the
kinematics of a typical constant pitch screw drive inpipe robot, and the space spiral trajectories of the two
types of robot are drawn.
(4) A prototype is developed to demonstrate the concept
and kinematics research. Experiments with variable speed motion and turning motion are conducted
successfully.
Future works will emphasize elbow automatic detection through a visual method, an acoustic method, or a
posture algorithm. The precise control of helical angles
that correspond to diﬀerent pipe-bending radii will also
be the focus of future works. Experiments on diﬀerent
pipe-bending angles must also be conducted. Potential
application of the proposed robot could be inspection and
maintenance in complex oil and gas pipeline grids, and the
nuclear small bore pipes.
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