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Introduction
Piping robots refer to those robots that work inside pipes. 

In nuclear, oil and gas industries, robots are needed for inner 
pipe operations [1,2]. Because of limited dimension of pipes, 
it is difficult to perform operations inside a pipe for human 
operators. Therefore, piping robots are demanded to car-
ry sensors and equipment to perform specific operations in 
pipes such as pipe inspection, cleaning, grinding, and other 
tasks [3-5]. The drive mechanism is very important to drive 
these robots inside pipes.

There are different driven mechanisms for piping robots 
such as wheel-type, caterpillar-type, walking-type, heli-
cal-type, peristaltic-type and snake-type [6].

Some parallel-wheel wall-pressed type driving units were 
developed [7-10], which can be con-trolled with relatively 
fast speed. Figure 1 shows parallel wheel drive mechanism. 

For the parallel driven robots, the drive unit could be jammed 
if there is a dent or an obstacle in the wall of the pipe, More-
over, it is difficult to design a drive unit with large payload 
using parallel wheel drive mechanisms.

Han, et al. [11] reported a walking drive structure as 
shown in Figure 2. The driving mechanism can adapt to un-
even surfaces. However, it is not suitable for use in a pipe 
with a certain inclined angle or vertical pipe [12].
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Figure 1: Parallel wheel drive mechanism.

         

Figure 2: Simulation of Crawling-driven robots [12].
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with tilt wheels to drive it inside a pipe as shown in Figure 4. 
The robot will move inside a pipe along a helical pattern. Even 
though there are different robots to climb inside pipes using 
helical patterns [23,24], the payload of these robots are not 
analyzed in detail.

In this paper, a drive mechanism of a piping robot with 
large payload is designed and fabricated. The drive mecha-
nism can adapt to pipe diameters in a certain range. More 
importantly the force analysis between the tilt wheel of the 
robot and the inner wall of the pipe is discussed in detail. Ex-
periments were performed to validate the proposed method 
and designed drive mechanism.

Proposed Solution
This section presents the design of the drive mechanism 

of a piping robot, analysis of robot payload and drive motor 
selection.

Design of drive unit
A drive unit with tilt wheels is designed to drive the robot 

in a pipe. The drive unit is shown in Figure 5.

There are several major parts in the drive unit: Motor, 
pneumatic cylinders, tilt wheels and linkages. A motor is 
used to rotate the drive unit. Each tilt wheel is connect-
ed to a pneumatic cylinder which will push the tilt wheel 
against the pipe wall. The ranges of pneumatic cylinders 
determine the range of pipe diameters that the robot can 
climb. The air pressure to the pneumatic cylinder gener-
ates the press force. The friction force between the wheels 
and pipe wall prevents the robot from falling. The motor 

Enner, et al. [13] designed a modular serpentine drive, 
The drive unit can be used in many complex environments 
such as sand and water [14], slopes [15], and flat hard ter-
rain [16]. Using friction to move the system forward in in-
clined or vertical pipes, it is not limited by the diameter of 
the pipes, and can well cross obstacles at the same time. 
However, the crawling speed is slow and the robot is not 
easy to control. Furthermore it’s hard for worm-type robot 
to reach specific location accurately. Kakogawa, et al. [17] 
proposed a driving method to generate helical motion in 
pipes. As shown in Figure 3, this kind of drive units has high 
payload capacity [18-20], thus can be used in tilt and verti-
cal pipes. By adjusting the speed of the motor, the driving 
speed can be controlled accurately. However, it is very dif-
ficult to obtain the optimal helical motion angle and avoid 
obstacles [21].

Ren, et al. review the screw-type drives in piping robots 
and present their advantages, but the force analysis is not 
detailed. Some grinding piping robots have been developed 
[3,22]; however the design and analysis of drive units are not 
discussed in detail.

After comparing the advantages and disadvantages of 
different driving methods, we find that most robots cannot 
handle large payload. Furthermore the detailed analysis of ro-
bot payload is not available. In this paper we propose a robot 

         

Figure 3: A driving method of helical motion in pipe [21].
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Figure 4: A piping robot carrying a grinding unit. The weight of the robot is about 69 Kg.

         

Figure 5: The drive unit of a piping robot.
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speed and slide down along the pipe wall if the friction 
force cannot hold the robot. There are two friction forces 
generated along two perpendicular directions: horizontal 
and vertical (gravitational). The horizontal friction force is 
caused by rotating the wheel and vertical friction force is 
generated along the gravity direction to prevent the wheel 
from falling. Assume their coefficients are µr and µg respec-
tively. As we know, µg >> µr.

When a tilt wheel rotates and the robot moving upwards 
in a vertical pipe, the following equations can be obtained:

 F cos sin
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where Fd is the drive force generated by the drive motor; 
Fp is the force generated by pneumatic cylinders; γ is the tilt 
angle of the wheels. m is a mass (for a robot with n tilt wheels, 
m = M=n).

From the above equation, we have:
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Motor selection

Once the drive force Fd is determined, the motor torque 
can be computed. From Figure 7, we can see that:

dRFτ =                                 (5)

  

torque is applied to rotate the wheels to drive the robot to 
move forward or backward.

Analysis of payload
The piping robot is developed to perform grinding oper-

ation, which requires large payload. In order to make turns 
inside bent pipes, a piping robot typically has several units 
such as drive unit, control unit and operation units, which 
are connected by flexible links. Figure 6 shows a drive unit 
inside a pipe.

It is reasonable to simplify the robot using one block for 
analysis as shown in Figure 6. As we can see, the drive unit 
must overcome the force generated by gravity and friction. 
The following equation can be developed based on the force 
diagram shown in Figure 6.

1sin cosgF Mg Mgα µ α≥ +                                       (1)

where Fg is the force generated by the drive unit; M is the 
total mass of the robot; µ1 is the friction coefficient between 
the wall and wheel for sliding; α is the tilt angle of the pipe.

Because the pipe inner surface is typically very smooth 
and the wheel surfaces are also smooth, the friction coeffi-
cient is small. Hence we can reasonably simplify Eq. (1):

 > Mg gF
                                           

(2)

  This means that the largest force required to hold the 
robot in position is when the pipe is vertical. Hence we 
will only consider the condition when a pipe is vertical. 
Considering the safety issues, the drive force generated by 
the drive unit must be much larger than the weight of the 
robot.

Analysis of drive force
Figure 7 shows the force diagram for a tilt wheel of 

a drive unit. The wheel could rotate at a certain angular 

         

Figure 6: A drive unit inside a pipe.

         

Figure 7: The force diagram for a tilt wheel of a drive unit.
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Wheel tilt angle
When the title angle of driving wheel is too small, it will 

affect the climbing speed of the piping robot. When the title 
angle of driving wheel is too large, the load capacity of the 
piping robot will decrease, and the risk of robot falling will in-
crease. Finally, we set the tilt angle of driving wheel to be 15°.

Drive unit
Figure 9 shows the manufactured drive unit. The driving 

mechanism is mainly composed of drive motor, gear box, 
tilt wheel, pneumatic cylinder and supporting mechanism. 
There are three tilt wheels to drive the robot. Each wheel 
is connected to a pneumatic cylinder. During operation, the 
pneumatic cylinders extend the tilt wheels to press against 
the pipe wall. Friction force is then generated to hold the ro-
bot from falling. The driving mechanism also moves the robot 
forward. The moving speed of the robot can be changed by 
adjusting the tilt angle of the wheels. We used a gearbox with 
a gear ratio 10.

Design parameters
The robot is implemented to climb a pipe with diameter 

260 mm. From the above description, we have the following 

where τ  is the required torque to drive the robot; R is the 
pipe radius. Using Eq. (4), we have:

( )
( )

cos sin

sin cos
g r g

r g

M
R

n

µ γ µ γ
τ

µ γ µ γ

+
>

+                         (6)

  
Figure 8 shows part of the drive unit including motor and 

gearbox. As shown in Figure 8, a gearbox is used to reduce the 
rotational speed. The motor torque can be computed:
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where dτ  is the motor torque and β is the gear ratio.

Because µg >> µr, Eq. (7) can be simplified:

tang
d

M R
τ γ

ηβ
>

                                   
(8)

                  
In motor selection, we choose the motor torque much 

larger than the torque calculated using Eq. (8) considering 
safety requirements.

Experimental Validation
From Eq. (8), we can see that the wheel tilt angle, gear 

ratio and number of tilt wheels must be determined.

         

Figure 8: Part of the drive unit.

         

Figure 9: The manufactured drive unit.

         

Figure 10: The fabricated piping robot for pipe grinding.
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large payload of the drive unit enables the piping robot 
to carry more functional units and perform various oper-
ations.
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The weight of the robot is about 69 Kg. Considering 
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Experimental results
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Conclusion
A screw-type drive unit has been designed, fabricated 

and tested. The drive force is analyzed in detail. Based on 
the payload requirement, a motor was selected to drive 
the robot. The experimental results show that the drive 
unit can be operated in pipes with different tilt angles. The 

         

Figure 11: The piping robot runs inside a pipe with different tilt angles.
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