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Abstract

As pipelines increase in age, the required number of pipeline

inspections and maintenance also increases on a yearly basis. Regular

inspection and maintenance of pipelines using in-pipe robots can

eliminate safety hazards in time and ensure production safety. The

current study proposes an active helical drive self-balancing in-pipe

robot that is based on compound planetary gearing. The design of

the driving and supporting systems is described. The gear ratio and

obstacle negotiating of the robot are analysed. Traction experiment

of the prototype is conducted to demonstrate the effectiveness of

the proposed structure. Within the same length, the proposed

configuration can be connected in series to a multi-section drive

system. The presented in-pipe robot has larger traction force

than an active helical drive support-balanced in-pipe robot. The

robot can conduct further inspections and implement repair tools to

complete pipeline inspection and maintenance work simultaneously.
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1. Introduction

As pipelines increase in age, the required number of
pipeline inspections and maintenance also increases on a
yearly basis. Achieving full coverage is difficult for con-
ventional external inspection due to the particularity of
pipeline structures. Therefore, using in-pipe robots offers
a unique advantage [1]–[3]. With requirements such as
different environments and operating conditions, in-pipe
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robots with various driving methods have been developed
[4]–[7]. At the end of the 20th century, companies and
scholars studied in-pipe robots for oil and gas wells with
increased driving force [8]. However, these pipeline robots
are lengthy and thus have a limited scope of use.

Helical in-pipe robots possess certain advantages, such
as simple control structure, high reliability and good prac-
ticability; thus, they have received increasing attention
from scholars [9]–[11]. The helical motion of the in-pipe
robot can be achieved through several means, including the
conventional passive driving scheme, where the rotation
of the wheel carrier drives the driving wheel to passively
rotate. The driving wheel generates an axial pulling force
that drives the robot to move forward through passive
rotation [12], [13]. Another example is the active driving
scheme proposed by the authors, where the power source
directly propels the driving wheel to rotate and then drives
the wheel frame to rotate [14]–[16]. The traction force of
the robot is considerably increased relative to the conven-
tional passive helical in-pipe robot and is thus more suit-
able for hooking detection and repair tools when applied
to pipelines.

The aforementioned helical in-pipe robots require a
stator (supporting system) to balance the reverse torque
generated by the rotor and thereby prevent the robots from
rotating on their own axis in the pipe [17]–[21]. The stator
increases the length and reduces the passing performance
of the robot in pipes with small bend radii and deformities.
One way to balance the reverse torque is to drive two helical
driving modules with equal speed and reverse rotation.
When the motor is electrified, the two rotating modules
produce driving forces in the same direction to make the
robot move [22]–[24].

However, the wheels of the aforementioned in-pipe
robots are driven by the wheel carrier passively relying on
the friction force exerted by the pipe wall on the wheels. To
obtain a large propulsion, the authors proposed an actively
driven spiral pipeline robot on the basis of compound
planetary gearing in previous works. A supporting system
was designed to balance the counter torque [25].
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Figure 1. System composition of the active helical drive
in-pipe robot.

The current study presents an active helical drive
self-balancing in-pipe robot that is based on compound
planetary gearing and does not require a supporting system
to balance the counter torque. Such property reduces the
robot’s length. Within the same length, the active helical
drive self-balancing in-pipe robot can be connected in series
to a multi-section driving system. The presented in-pipe
robot has more traction force than an active helical drive
support-balanced in-pipe robot. This setup brings notable
benefits. The robot can conduct further inspections and
implement repair tools to complete pipeline inspection and
maintenance work simultaneously.

2. Driving Principle of the Active Helical Drive
Self-balancing In-Pipe Robot

2.1 Design of the Driving System

The driving wheel of the active helical drive in-pipe robot
is directly driven by the power output from the motor and
transmission system. Figure 1 shows that the power output
from the motor is shunted by the planetary transmission
mechanism to thrust the driving wheels to rotate. The
driving wheel actively rotates when it comes into contact
with the inner wall of the pipe because it has a certain
angle with the pipe axis. The driving wheels of the robot
produce a helical motion on the inner wall of the pipe.
The supporting system is designed to serve two primary
purposes: to prevent the robot from spinning and to
provide a second anchor point so that the robot can be
properly centralised inside the pipe. The control system is
used to control the moving speed of the robot by controlling
the rotational velocity of the motor.

The torque output by the driving motor is directly dis-
tributed to each driving wheel through mechanical trans-
mission. When the driving motor exports the torque,
it generates a reverse torque. According to the reverse
torque balancing structure, the active helical drive in-pipe
robot can be divided into an active helical drive support-
balanced in-pipe robot (Fig. 2a) and an active helical drive
self-balancing in-pipe robot (Fig. 2b).

Figure 2(a) shows that the motor shell of the support-
balanced transmission structure is fixed to the supporting
structure. The counter torque is generated by the motor
body and transmitted to the supporting structure through
the motor shell. The friction between the guiding wheels

Figure 2. Transmission structure of the active helical drive
in-pipe robot: (a) support-balanced transmission structure
and (b) self-balancing transmission structure.

and pipe wall is balanced by the counter torque of the mo-
tor. This structure realises the engagement of the second-
stage planetary gear set through the mesh of the driving
wheel to the inner wall of the pipe. This framework is a
remarkable feature of the active helical drive in-pipe robot.

Figure 2(b) depicts the self-balancing transmission
structure proposed in this study. The motor remains
mounted in the motor shell, which is rotatable coupled
to the support structure to transmit only axial tension
without transmitting torque. The motor output shaft is
connected to gear 1 that meshes with gear 2, which in turn
is mounted on the planet carrier H. This carrier is fixedly
connected to the motor shell. Gear 2 connects driving
wheel T through universal joint U. The driving wheels
mesh the inner wall of the pipe. Finally, the reverse torque
of the motor is balanced by the overall structure without
requiring a supporting structure.

2.2 Transmission Ratio Analysis

The transmission ratio amongst the various structures of a
robot is the main factor that affects the performance of the
driving system. Table 1 presents the structural parameters
in Fig. 3.

Table 1
Parameters of Active Helical Drive Self-balancing In-Pipe

Robot

Parameters Radius Rotary Speed

Motor M ω

Reference circle of gear 1 r1 ω1

Reference circle of gear 2 r2 ω2

Drive wheel T rT ωr

Planet carrier H ωH

Pipe radius R
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Figure 3. Self-balancing transmission structure.

A common angular velocity −ωH, which is the same as
the angular velocity of planet carrier H and in the opposite
direction, is added. We must ensure that a relative rotation
does not exist between the planet carrier and the pipe. The
driving wheel T is ignored in the meantime.

Currently, the motor and carrier H do not rotate
relative to each other, and the output shaft of the motor is
connected to gear 1. Therefore, we obtain:

ωH
1 = ω (1)

The rotational speed remains at ωH
2 =ω2 after the

common angular velocity is virtually exerted because the
rotation centre of gear 2 does not coincide with the rotation
centre of the pipe. From the meshing conditions, we can
obtain:

ωH
1 r1 = ωH

2 r2 (2)

Remove the virtual common angular velocity −ωH.
The movement of gears 1 and 2 is transmitted to the
remainder of the structure. At the point of contact, a
circumferential relative slip does not exist between the
driving wheels and the inner pipe wall. Thus, we have:

ωHr4 = ω3r3 (3)

Simultaneous to (1)–(3), the transmission ratio of the
motor to the driving wheel frame can be obtained:

iMH =
ω

ωH
=

r2R

r1rT
(4)

Figure 4. Support arms encounter barriers: (a) annular and (b) unilateral obstacles.

3. Design of the Supporting System

The central axis of the in-pipe robot is as close as possible
to the axis of the pipeline through the supporting system to
prevent the robot from being considerably hindered due to
axis deviation. Therefore, whether the structural design
of the supporting system is reasonable determines the
negotiating performance of the in-pipe robot. Balancing
the reverse torque is not required for the active helical drive
self-balancing in-pipe robot proposed in this work. Hence,
spring support can be used to meet the requirements.

When the conventional single support spring exerts
force, the movement of each support arm is intertwined
[26], [27]. The supporting system of the proposed in-
pipe robot adopts the arrangement of parallel compression
springs. Figure 4 shows that one end of the support arm is
hingedly fixed to the central shaft, whereas the other end
is hinged to the adjustment slider. The adjustment slider
is fitted with an adjustment spring. For ease of analysis,
we assume that the support unit has only two upper and
lower symmetrical support arms.

The fixed end on the left side of the support arm is
taken as the coordinate origin, and the horizontal and
vertical directions are the x- and y-axes, respectively.
Figure 4 establishes the Cartesian coordinate system and
defines each parameter. The preload of the spring is 2F .
Therefore, we obtain the following:

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

yA = m+ a sinα

xB = a cosα+ b cosβ

m+ a sinα = n+ b sinβ

(5)

During field operations, in-pipe robots encounter a
variety of obstacles, the majority of which are annular
(Fig. 4a) and unilateral (Fig. 4b) obstacles. The annular
obstacle in general refers to the gap between two pipes,
elbow and branch of the pipes, whereas unilateral obstacles
are in general referred to as local damage and barriers in
the pipe.

Figure 4a shows that the robot encounters an annular
obstacle as it moves in the pipeline. Let us assume that
the distance between the wheel and the inner wall of the
pipe is Δ. When the support wheel passes the obstacle,
the contact position between the wheel and the obstacle
changes in real time. The force direction is not in the
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Figure 5. Force condition of the supporting wheel when in
contact with an obstacle.

radial direction of the pipe but at an angle θ to the radial
direction, as shown in Fig. 5. The spring force on one of
the support arms is denoted as F1.

From the principle of virtual work, we obtain:

N ′δyA + F1δxB = 0 (6)

The change in spring compression is:

ΔL1 = (a cosα+ b cosβ)− (a cosα1 + b cosβ1) (7)

The force at which the spring acts on one of the support
arms is:

F1 = F + k1ΔL1 (8)

The relationship between F and N can be obtained as:

N =
(F + k1ΔL1) (tanα1 + tanβ1)

cos θ
(9)

As shown in Fig. 4b, when the parallel spring encoun-
ters a single-sided obstacle, the relationship between N
and F becomes:

N =
(F + k1ΔL2) (tanα2 + tanβ2)

cos θ
(10)

Table 2
Comparison of Two Support Structures

Force Single Support Parallel Support

Annular obstacle
N =

(2F + kΔL1)(tanα1 + tanβ1)

2 cos θ
N =

(F + k1ΔL1)(tanα1 + tanβ1)

cos θsupporting force

Unilateral obstacle
N =

(2F + kΔL2)(tanα2 + tanβ2)

2 cos θ
N =

(F + k1ΔL2)(tanα2 + tanβ2)

cos θsupporting force

Force from
N =(2F + kΔL2)(tanα2 + tanβ2) Fz =F (tanα2 + tanβ2 − tanα− tanβ)

unilateral obstacle

to central axis

The robot does not deviate from the central axis due
to the support of the adjacent in-pipe robot unit. The
force of the intermediate shaft is:

Fz = F (tanα2 + tanβ2 − tanα− tanβ) (11)

Table 2 compares the results of the two methods.
F is the preload on one of the springs. N is the

supporting force acting on a wheel by the pipe wall. k is the
spring stiffness of the single support mechanism. k1 is one
of the spring stiffness of the parallel support mechanism.
ΔL1 is the change in spring compression when encountering
annular obstacles. ΔL2 is the change in spring compression
when encountering unilateral obstacles. θ is the angle
between the direction of supporting force and the radial
direction of the pipe. α and β are the angles between
the rod AC, AB and the pipe axis without obstacles,
respectively. α1 and β1 are the angles between the rod
AC, AB and the pipe axis when encountering annular
obstacles, respectively. α2 and β2 are the angles between
the rod AC, AB and the pipe axis when encountering
unilateral obstacles, respectively.

Table 2 reveals that if the spring stiffness and force
conditions are equivalent, then the force on the central
shaft is less than the single spring support when the parallel
spring is supported by a unilateral obstacle.

The supporting arms can be designed to be evenly
distributed three or four in the circumferential direction.
Given that the four supporting arms are in good contact
with the pipe and can balance a large imbalance force, the
supporting arm of the robot is designed to be four. The
four supporting arms are available in two configurations:
eccentric type (Fig. 6a) and symmetrical type (Fig. 6b).
The helical drive in-pipe robot previously published by
the authors is a support-balanced type that requires the
supporting system to withstand a large amount of reverse
torque; thus, the supporting arms are designed to be
eccentric [14].

In the eccentric supporting mechanism, the force in the
vertical direction of the support wheel is N , which is only
a component of the total supporting force NA. According
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Figure 6. Mechanism of the supporting arms: (a) eccentric
type and (b) symmetrical type.

to the torque balance of the system, the stable condition
of the robot is:

4NμR

cos γ
≥ T (12)

However, the active helical drive in-pipe robot pre-
sented in this paper is self-balancing type and does not re-
quire an eccentric mechanism to balance the reverse torque.
Therefore, the supporting system of the robot is designed
as a symmetrical mechanism.

Similarly, the stable condition of the four-symmetrical
arm structure is:

4NμR ≥ T (13)

An angle γ exists between the vertical and resultant
forces of the supporting wheel of the eccentric supporting
mechanism, which can amplify the positive pressure of the
supporting arm and thus can withstand a large reverse
torque. For in-pipe robots that do not require to bal-
ance the reverse torque, only the symmetrical supporting
mechanism needs to be used.

In the eccentric supporting mechanism shown in Fig. 7,
the contraction–expansion of the supporting arms and the
spring pretension are controlled by manually rotating the
spring clamp. If the robot encounters a large obstacle in
the pipeline or the pipe radii changes greatly, the support-
ing arms can only be moved by the slight deformation of
the spring. Robots are more likely to get stuck in the
pipeline and cannot move forward.

To ensure the negotiating capacity of the active screw
drive in-pipe robot in the case of large changes in the
pipeline environment, the supporting mechanism is opti-
mised in this study. As shown in Fig. 8, the automatic
expansion and contraction of the supporting arms are re-
alised by controlling the movement of the ball screw. The
force sensors are mounted to the end of the supporting
arms. When the environment inside the pipe changes, the
supporting force exerted on the supporting arm by the
pipeline also changes. The data of the force sensor are fed
back to the control system. The system controls the motor
to automatically adjust the expansion and contraction of

Figure 7. Engineering design drawing of the eccentric
supporting mechanism.

Figure 8. Engineering design drawing of the symmetrical
supporting mechanism.

the supporting arm to achieve a constant supporting force
and ensure the negotiating capacity of the in-pipe robot.

4. Traction Experiment of the Active Helical Drive
Self-balancing In-Pipe Robot Prototype

4.1 Prototype

An adjustment mechanism for controlling the extension
arm is fabricated to form a self-balancing modular unit.
The drive unit of the in-pipe robot has a diameter of 74mm
and a length of 900mm. The drive motor is a DC motor
at 200W and 170 rpm. The telescopic motor of the driving
wheel is a DC motor at 30W and 20 rpm. The support
unit adopts a four-arm structure, and the telescopic motor
of the supporting wheel is a DC motor at 30W and 20 rpm.

Figure 9 shows that the prototype of the modular
active helical drive self-balancing in-pipe robot consists of
driving, supporting and control units. Figure 10 shows a
prototype of the driving unit of the modular active helical
drive self-balancing in-pipe robot, where the drive motor
directly drives the sun gear, which meshes with the first
planetary gearing set. The second planetary gearing set is
connected to the output shaft of the first planetary gearing
set through a telescopic universal joint. The inner wall of
the pipe acts as the inner ring gear of the planetary gear
system. The ball screw is driven by the wheel telescopic
motor. The linear slider bears the reverse torque of the
screw nut, which drives the adjustment unit to push or
retract the link to control the contraction and extension of
the driving wheels. The compression spring between the
linear slider and the screw nut adapts the robot to a range
of pipe diameter changes. The drive motor and control
circuit are fixed to the body of the in-pipe robot and rotate
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Figure 9. Prototype of the modular active helical drive
self-balancing in-pipe robot.

Figure 10. Driving unit prototype.

Figure 11. Supporting unit prototype.

with the planet carrier. In this configuration, the force
amongst all the transmission components is the internal
force of the system, and no external structure is required
to achieve a balance.

The supporting unit can be added in the modular
helical in-pipe robot system. It is used only to improve
the negotiating performance and motion stability of the
robot in the pipeline without balancing the reverse torque.
Figure 11 displays the prototype of the supporting unit. A
strain gauge force sensor is added to one end of the four
supporting wheels to test their positive pressure against
the pipe wall.

The internal control signals and power supply system
should communicate and supply power amongst the rela-
tively rotating unit modules due to the relative rotation
between the individual unit modules of the modular self-
balancing in-pipe robot. Therefore, a conductive slip ring
is disposed between adjacent modules. Power carrier com-
munication is used in the modular self-balancing in-pipe
robot. To reduce power loss in the transmission line, we
increase the supply voltage to 110V DC. The power carrier
is also used in the communication between the module and
the control software and between the two modules. The
carrier code rate is set to 512 kbps.

Figure 12. Experiment of the active helical drive self-
balancing in-pipe robot.

4.2 Experiments

A seamless steel pipe with an outer diameter of 127 mm,
wall thickness of 5mm and length of 9m is used in the trac-
tion test of the modular active helical drive self-balancing
in-pipe robot. A robot equipped with driving and sup-
porting units moves forward in the pipeline. A wire rope
is connected to the tail of the robot, and the wire rope is
guided by two pulleys, which are connected to the force
sensor. Figure 12 illustrates the experimental device.

The output thrust of the cylinder can be changed by
adjusting the gas pressure in the cylinder. The robot and
cylinder output are connected by a wire rope to test the
different traction forces of the robot. The external DC
power supply provides power to the robot system. The
power carrier is used to transmit signals through the power
supply cable in the control system. The traction force of
the robot can be obtained in real time through an external
force sensor.

The robot moves forward in the pipeline. As the
pressure of the air in the cylinder gradually increases, the
pulling force that acts on the in-pipe robot increases, as
shown in Fig. 13. When the driving wheel of the robot
slips and no longer moves forward, the stable pulling force
at this time is considered the maximum traction force of
the in-pipe robot. The maximum traction force of the in-
pipe robot is tested in the experiment to be 1,620N. The
electric voltage and current are recorded, and the input
power is 160W. The rotational speed of the driving motor
is measured by an encoder to be 170 rpm. In a pipe with
an outer diameter of 127mm, the helical angle of the robot
driving wheel is 15◦. According to the calculation of motor
torque and gear ratio from (1) to (4) and the force balance
relationship of the driving wheels, the theoretical value of
traction force is 5,413N. The mechanical efficiency of the
transmission system is approximately 30%. The efficiency
of the robot driving motor to convert electrical energy into
mechanical energy is approximately 86%. The transmission
efficiency of the motor planetary gear reducer is 65%
according to the motor selection manual. The robot’s
two-stage planetary gear train has a transmission efficiency
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Figure 13. Experimental traction force and current of the
in-pipe robot.

of 81%. In summary, the total efficiency of the system is
45.3%. In addition, many uncalculated friction forces are
still present in the system, which will increase the power
loss and reduce the transmission efficiency. Finally, the
transmission efficiency of the in-pipe robot approximates
the calculated value.

The performance test of a single driving unit proves
that the in-pipe robot has a strong traction capability. In
actual use, the robot can be connected to multiple tools to
suit different job requirements.

5. Conclusion

This article presents an active helical drive self-balancing
in-pipe robot that is based on compound planetary gearing.
Unlike most existing helical drive in-pipe robots reported
previously, this newly designed in-pipe robot does not
require a supporting system to balance the counter torque.
Such property reduces the robot’s length. Within the
same length, the proposed configuration can be connected
in series to a multi-section drive system. The presented
in-pipe robot has more traction force than an active helical
drive support-balanced in-pipe robot.

The transmission ratio amongst the various structures
of the proposed robot mechanism is calculated to analyse
the performance of the driving system. The supporting
system of the in-pipe robot adopts the arrangement of par-
allel compression springs. The force on the central shaft
of the parallel compression springs is less than that of the
single-spring support when the parallel spring is supported
by a unilateral obstacle. The modular prototype of the
active helical drive self-balancing in-pipe robot is fabri-
cated. Conductive slip ring and power carrier communi-
cation are used to ensure the communication and power
supplementary amongst the relatively rotating unit mod-
ules of the modular self-balancing in-pipe robot. The max-
imum traction force of the prototype is 1,620N.

Future work will focus on adding pipeline detec-
tion module to the modular prototype for verifying the

feasibility of the proposed in-pipe robot in pipeline inspec-
tion work.
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