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ABSTRACT The inchworm in-pipe robot has the advantages of stable support, low walking resistance,
and high flexibility. However, the gait motion of in-pipe robots relies on the precise coordination of three
motors, which greatly increases the complexity of control. To solve this problem, an inchworm in-pipe robot
based on a multi-cam combination is proposed. The robot needs only one motor to achieve active support
and bidirectional crawling for the pipe wall, mainly used for detecting straight pipelines, such as the main
drainage pipeline. In order to obtain the periodic motion law and characteristics of the inchworm in-pipe
robot, structure design, constraint analysis, and dynamic simulation were carried out on the robot. Finally,
the principle prototype was tested in the transparent pipe, the test results indicate that the robot can achieve
bidirectional creep under a single motor drive, which can simplify the control of gait motion for inchworm
in-pipe robots. The average displacement errors for horizontal walking and vertical walking are 2.0% and
11.3%, respectively, due to factors such as gravity. Therefore, the robot can achieve a more accurate step
distance in the horizontal pipe.

INDEX TERMS In-pipe robot, inchworm, single-drive, cam-based, constraint analysis.

I. INTRODUCTION
Pipelines are vital infrastructures in oil and gas, water, and
sewage transfer, in order to ensure the safety of the pipeline,
the use of in-pipe robots for labor intensive and hazardous
operations, has increased in recent years [1], [2].

The in-pipe robot can be classified into several clas-
sical forms according to the existing moving modes and
contact forms with the pipe wall. These include wheel
type [3], tracked type [4], inchworm type [5], magnetic type
[6], walking type [7], screw type [8], and swimming type
[9], [10]. Wheeled robots are usually driven by motors, and
their driving force mainly depends on the positive pressure
of the driving wheel on the pipe wall when the motor power
and friction coefficient are constant. Thung-Od et al. [11]
presented the design and prototype of an inspection robot
with permanent magnets and omnidirectional wheels, which
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can perform both horizontal and vertical locomotion in ferro-
magnetic pipelines. The train-like robot is mainly composed
of three sealed modules and is driven by multiple motors.
Miao et al. [12] proposed a multi-module in-pipe robot for
the pipeline isolation plugging, which mainly includes a pres-
sure head, a squeeze bowl, an actuator plate, and a plug.
Sawabe et al. [13] proposed a control method for articu-
lated wheeled mobile robots. This type of robot has many
drivers and relatively complex control. Zhang et al. [14]
designed a wall-press wheeled in-pipe robot with active pipe-
diameter adaptability, which have three sets of wheels cir-
cularly located 120◦ apart from each other. The walking
characteristics of wheeled in-pipe robots largely depend on
the contact between the wheels and the pipe. Unfortunately,
due to the driving wheels always firmly press the wall during
the move, their forward resistance will increase with increas-
ing support force when the wall is not flat, thus, the energy
consumption increases. The motion of the magnetic in-pipe
robot does not require the use of wheels, but requires the use
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of external magnetic fields. For example, Munoz et al. [15]
proposed a capsule in-pipe robot for drug transportation,
which manipulates the robot using magnetic fields generated
bymultiple curved permanent magnets. The magnetic in-pipe
robot is usually used for microenvironment operations and
has a small load capacity.

Unlike wheeled in-pipe robots that walk in a straight line,
helical in-pipe robots achieve spiral motion by tilting a set of
wheels or controlling the magnetic field. Shiomi et al. [16]
designed a slender flexible in-pipe robot that mimics the
behavior of spirochete microorganisms and spirals through
the pipeline. Nam et al. [17] proposed a magnetic helical
robot (HR) that can helically navigate, release a drug to a
target area. Li et al. [18] designed a screw drive in-pipe robot
with an adaptive linkage mechanism based on the adaptive
movement mechanism. Ren et al. [19], [20], [21], [22] pro-
posed a series of spiral driven robots based on gear or belt
pulley transmission, and analyzed the basic characteristics of
the robots. Li et al. [23] proposed an oil and gas in-pipe robot
with a helical drive, geometric calculation and mechanical
analysis were carried out to help design the robot.

FIGURE 1. Gait principle of inchworm.

FIGURE 2. Bionic principle of inchworm.

Compared with the wheel type, the inchworm type has a
large contact area with the pipe wall. Therefore, more and
more scholars are studying the inchworm in-pipe robot. The
design idea of the inchworm in-pipe robot is derived from
the inchworm in Fig. 1. The robot adopts a gait walking
mode and a split structure, and has the characteristics of
good stability, low walking resistance, and strong flexibility.

The characteristics of gait motion in Fig. 2 are realized by
alternating movements of the front body (FB), the middle
body (MB) and the rear body (RB) of the robot in chronolog-
ical order. For example, Fang et al. [24] proposed a worm-
like in-pipe robot with a rigid and soft structure, which has
flexible mobility in the shaped pipes. Ito et al. [25] proposed
an earthworm in-pipe robot using pneumatic artificial mus-
cles, which can install wires in complex pipelines. Liu and
Dai et al. [26], [27] proposed an inchworm in-pipe robot
based on the concept of a tensioned whole, which is a self-
stressing spatial structure composed of discrete rigid pillars.
Tang et al. [28] proposed an intelligent material-driven in-
pipe robot that can be installed in pipelines less than one
centimetre in diameter, and the dielectric elastomer actuator
is used as the driving force. Liu et al. [29] proposed a vacuum-
driven inclined hexagonal prism soft-rigid hybrid contraction
actuator inspired by the Kresling origami pattern. However,
the control system of the inchworm in-pipe robot is complex,
it is usually driven by multiple motors, the number of power
cables and the drag cable resistance is large, which limits the
inspection distance of the robot.

The implementation methods for single-drive inchworm
robots were designed to simplify robot control and reduce
the number of drives. For instance, Qiao et al. [30] pro-
posed a self-lock inchworm in-pipe robot, the support force
is produced by wedges between the robot and inner pipe
wall. However, the robot can only walk in one direction
because the inclined direction of wedges has been determined
beforehand, unless an additional driver is added to change the
direction of the wedge, which increases the complexity of the
mechanism and control. Zarrouk et al. [31] proposed an inch-
worm in-pipe robot driven by a single motor. The robot uses
a spiral axis to arrange and coordinate cells and fixtures. This
design makes the robot miniaturized and reduces the control
complexity and cost. The robot can move forward, backward
and vertically with low power consumption. However, the
leg of this kind of robot does not have the ability of active
contraction, and it always contacts with the pipe wall during
the whole movement, so the end of the leg will have sliding
friction, which accelerates the wear.

To solve the above problems, a multi-cam based in-pipe
robot called CCR (Cam-Cam Robot) has been presented to
overcome the above limitations. CCR can realize active sup-
port to the pipe wall and double-direction gait motion via only
onemotor. Themulti-cam combinationmechanism is the core
mechanism of CCR, which can realize the intermittent walk-
ing of robot in horizontal and vertical pipeline. In addition,
the structure design and constraint analysis of the robot were
carried out, and mechanical properties and traction energy
efficiency ratio were analyzed. Finally, the correctness and
practicability of the design principle of the robot were verified
by experiments.

II. STRUCTURE DESIGN
According to the motion position, CCR robot can be divided
into three modules: front body, middle body and rear body.
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According to the function, it can be divided into twomodules:
the radial expansion module and the axial expansion module.
The radial expansion module is used to support the pipe wall,
and the axial expansion module is used to propel the robot
along the pipe axis.

As shown in Fig. 3(a), the power from the motor is trans-
mitted to the cam via spur and bevel gears. The cam can
convert the rotary motion of the motor into linear motion of
the push rod, so that radial expansion motion can be achieved
by the cammechanism.When the motor rotates continuously,
the push rod can still stop, so the cammechanism can achieve
the intermittent motion. From Fig. 3(b), the axial expansion
of the robot need to be driven, but there is only one driving
motor, so it is necessary to design a transmission mechanism
to transmit the power to the front and rear of the robot, which
is realized by bevel gear and expansion drive shaft, so single
input and multiple output can be realized in Fig. 3(c).

FIGURE 3. Mechanism principle and structure design of CCR. (a) motor
drive. (b) telescoping motion. (c) mechanical transmission.

The three-dimensional structure of the robot is shown in
Fig. 4. The FB or RB of the robot is supported by ball wheels
and rubber pads on the pipe wall, which can also serve as
a guide and provide sufficient support. The mobile pairs are
realized by linear bearings, which can effectively avoid the
self-locking of the mobile pairs and reduce the friction energy
loss. In Fig. 5, the robot can walk in two-way peristalsis.
The principle of two-way walking is that when the RB is
stationary, the FB moves to the left, then the FB is stationary,
and the RB moves to the left, so that the robot can continue to

walk to the left; otherwise, the robot continues to walk to the
right. The robot proposed in this paper only needs to control
the rotation direction of the motor to realize the forward and
reverse walking.

FIGURE 4. Mechanism principle and structure design. (a) 2D. (b) 3D.

III. ANALYSIS OF MOTION LAW
The robot’s telescoping motion is realized by cam mecha-
nism, the motion law of the push rod (follower) is generally
described as the relationship between the displacement of the
push rod and the cam angle.

A. MOTION LAW
The motion law of the push rod usually has the polynomial
motion law and the triangle function motion law, the cosine
acceleration motion law, equation of radial push motion is as
follows: 

s =
h
2
[1 − cos

π

δ0
δ]

ds
dδ

=
πh
2δ0

sin(
π

δ0
δ)

d2s
dδ2

=
π2h

2δ20
cos(

π

δ0
δ)

d3s
dδ3

= −
π3h

2δ30
sin(

π

δ0
δ)

(1)
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where s is the displacement of the push rod; h is the stroke
of the push rod, δ is the cam angle, δ0 is the cam angle for
actuating travel (rise segment).

FIGURE 5. Two way motion principle. (a) Forward. (b) Reverse.

B. CAM PROFILE
According to the working requirements, after selecting the
motion law of the push rod, the design of the cam profile
should be carried out. The theoretical profile of the cam is
generally carried out by the analytical method, which can
obtain enough accuracy requirements. It is assumed that XOY
is the absolute coordinate system, and the relative coordinate
system is obtained by rotation or symmetrical transformation
of the absolute coordinate system. It is assumed that the
relative coordinate of the theoretical cam profile of each
segment is calculated as follows:{

x = (r0 + s) sin δ

y = (r0 + s) cos δ
(2)

where r0 is the radius of the base circle, which is theminimum
radius of the cam.

The analytic expression of cam working profile equation:
x ′

= x ∓ rr
(−ẏ)√
ẋ2 + ẏ2

y′ = y∓ rr
ẋ√

ẋ2 + ẏ2

(3)

FIGURE 6. Absolute coordinate system XOY of four segment cam.

As shown in Fig. 6, according to the geometric relationship
and coordinate transformation, the xoy point in the relative
coordinate system can be transformed into the absolute coor-
dinate system XOY, and the absolute coordinate of the cam
profile can be expressed in matrix form as follows:

Relative coordinates δ = [0,δR0], the absolute coordinates
of cam pushing theory and working profile are respectively:

(
Xp
Yp

)
=

 cos
δRn

2
sin

δRn

2

− sin
δRn

2
cos

δRn

2

( x
y

)
(
X ′
p

Y ′
p

)
=

 cos
δRn

2
sin

δRn

2

− sin
δRn

2
cos

δRn

2

( x ′

y′

) (4)

Relative coordinates δ = [0,δR0], the absolute coordinates
of cam return theory and working profile are as follows:

(
Xr
Yr

)
=

(
−10
01

)(
Xp
Yp

)
=

− cos
δRn

2
-sin

δRn

2
− sin

δRn

2
cos

δRn

2

( x
y

)
(
X ′
r

Y ′
r

)
=

(
−10
01

)(
X ′
p

Y ′
p

)
=

− cos
δRn

2
-sin

δRn

2
− sin

δRn

2
cos

δRn

2

( x ′

y′

)

(5)

Relative coordinates δ = [0,δRn], the absolute coordinates
of the circular arc theory and the working profile in the inner
dwell stage of the cam are as follows:

(
XRn
YRn

)
=

 cos
δRn

2
-sin

δRn

2
sin

δRn

2
cos

δRn

2

( r0 sin δ

r0 cos δ

)
(
X ′

Rn

YRn’

)
=

 cos
δRn

2
-sin

δRn

2
sin

δRn

2
cos

δRn

2

( (r0 ∓ rr) sin δ

(r0 ∓ rr) cos δ

)
(6)

Relative coordinates δ = [0,δRf], the absolute coordinates
of the circular arc theory and the working profile in the outer
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dwell stage of the cam are respectively:

(
XRf
YRf

)
=

 cos(π −
δRf

2
) sin(π −

δRf

2
)

− sin(π −
δRf

2
) cos(π −

δRf

2
)


(
(r0 + h) sin δ

(r0 + h) cos δ

)
(
X ′

Rf

Y ′

Rf

)
=

 cos(π −
δRf

2
) sin(π −

δRf

2
)

− sin(π −
δRf

2
) cos(π −

δRf

2
)


(
(r0 + h∓ rr) sin δ

(r0 + h∓ rr) cos δ

)
(7)

It is convenient to get the theory and working profile of
the cam by programming (1) to (7), which is convenient for
manufacturing. From the above analysis and Fig. 6, it can be
seen that the lift stroke (rise segment) of the cam mechanism
mainly depends on the difference between the maximum
radius and the minimum radius. The larger the difference, the
greater the stroke of the push rod. The dwell of the push road
mainly depends on δRn and δRf, and the larger δRn and δRf,
the longer the dwell time.

C. CURVATURE RADIUS OF CAM PROFILE
In order to avoid the movement distortion of the push rod,
the radius of curvature of the theoretical profile should not
be less than the radius of the roller, so as to avoid the sharp
point of the convex profile and increase the wear. According
to advanced mathematics, the theoretical profile curvature
radius is calculated as follows:

ρ =
(ẋ2 + ẏ2)

3
2

ẋÿ− ẏẍ
> rr (8)

The first derivative and the second derivative of x and y is
as follows:

ẋ =
dx
dδ

=
ds
dδ

sin δ + (r0 + s) cos δ

ẏ =
dy
dδ

=
ds
dδ

cos δ − (r0 + s) sin δ

(9)


ẍ =

d2x
dδ2

=
d2s
dδ2

sin δ + 2
ds
dδ

cos δ − (r0 + s) sin δ

ÿ =
d2y
dδ2

=
d2s
dδ2

cos δ − 2
ds
dδ

sin δ − (r0 + s) cos δ

(10)

Substituting (2) into (9) (10), then substituting (9) (10) into
(8), the radius of curvature of the theoretical profile can be
obtained. It can be seen that the radius of curvature of the
theoretical profile of the cam depends on r0, hand δ0.

D. TELESCOPIC MOTION PARAMETERS
The displacement, velocity, and acceleration of the robot dur-
ing the pushing stage along the axial direction of the pipeline

are as follows:

sA =
hA
2
[1 − cos

π

δA0
δA]

dsA
dt

=
ωπhA
2δA0

sin(
π

δA0
δA)

d2sA
dt2

=
ω2π2hA
2δ2A0

cos(
π

δA0
δA)

(11)

where sA is the displacement of the axial push rod, hA is the
stroke of the axial push rod, δA is the axial cam angle, δA0 is
the axial cam angle for actuating travel.

Furthermore, the relationship between CCR average step
velocity and cam velocity nC(rpm)is obtained:

vCCR = hAn (12)

where n is the rotation speed of the axial cam.
Equation (12) shows that the average step velocity of CCR

inchworm in-pipe robot is only related to the cam velocity and
the cam rise segment. At a certain velocity, increasing the rise
segment can increase the robot walking velocity.

IV. CONSTRAINT ANALYSIS OF EXTERNAL DIMENSIONS
Pipes are divided into straight pipes and non-straight pipes
according to different curvature radius. Elbow is a curved
space, and the robot’s contour is irregular convex geometry,
so the interference analysis is very complex. In order to make
the interference analysis accurate and effective, it is necessary
to build a more reasonable envelope model of the robot and
obtain the geometric relationship that the robot design should
meet. The size of the elbow is determined by the diameter and
turning radius of the elbow. The inner surface of the elbow is a
space curved surface formed by scanning a circle along an arc
curve. The elbow can be used to connect two vertical straight
pipes. The larger the radius of curvature of the elbow is, the
easier it is for the robot to pass through.

Due to the multi-point contact between the robot and the
pipe wall, the outer contour of the walking robot is irregular,
so it is very complex to directly analyze the interference.
In this paper, multi-level cylinder geometry is used to cover
the robot, and the cylinder geometry should completely cover
the minimum volume (including the support legs) after the
active and passive contraction of the robot. In addition, the
envelope models of the first, second and nth-order combined
cylindrical robots are analyzed. The envelope capability and
space utilization of various models are compared and ana-
lyzed on the premise of satisfying the coverage, so as to
determine the constraint relationship of the length diameter
ratio under different models.

As shown in Fig. 7, Lp is defined as the pipe length
dimension, Dp is the pipe diameter dimension, Rp is the pipe
radius dimension, Rpt is the pipe turning radius, de1 is the
1-order envelope cylinder diameter of robot, le1 is the 1-order
envelope cylinder length of robot.

From the geometric relationship in Fig. 7(a):

de1 ≤ AM (13)

AM = AO−MO (14)
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AO =

√
OB22 − AB22 =

√
OB21 − AB21 (15)

OB2 = Rpt + Rp
OB1 ≥ Rpt + Rp
OM = Rpt − Rp

(16)

FIGURE 7. Envelope model of n-order symmetric cylinder of robot.
(a) 1-order. (b) 2-order. (c) 3-order.

From (13)-(16):

de1 ≤

√
(Rpt + Rp)2 − AB22 − (Rpt − Rp) (17)

AB2 ≤

√
(2Rpt + de1)(2Rp − de1) (18)

FIGURE 8. Straight-elbow pipe motion dimensional constraints.

FIGURE 9. Constraint relationship of length diameter ratio under
symmetric 1-order cylinder model.

AB1 = AB2 (19)

le1 = AB1 + AB2 ≤ 2
√
(2Rpt + de1)(2Rp − de1) (20)

As shown in Fig. 16 and Fig. 9, the maximum allowable
length of the robot mainly changes with the robot diameter.
It can be found that the radius of the robot envelope cylinder
decreases with the increase of the length, and the decreasing
trend is faster and faster. In addition, the larger the turning
radius, the longer the allowable envelope cylinder length, and
the larger the available space of the robot. From Fig. 8, further
analysis shows the relationship between the length and the
maximum turning angle of the robot:

βR =
π

2
− αr =

π

2
− cos−1 ON

OB1
(21)

From Fig. 10, the diameter of the second-order cylinder
does not exceed the diameter of the 1-order cylinder, and with
the increase of the diameter of the 2-order cylinder, the limit
length of the 2-order cylinder is also shrinking; in addition,
the larger the diameter of the 1-order cylinder, the larger the
length of the 2-order cylinder is allowed. From (21) and (22):
ON = Rpt + Rp
OB21 = AO2

+ AB21
AO = AM +MO = de1 + Rpt − Rp

AB1= le1−AB2= le1−
√
(2Rpt+de1)(2Rp − de1)

(22)
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βR =
π

2
− cos−1

Rpt + Rp√
l2e1 + (Rpt + Rp)2 − 2le1

√
(2Rpt + d)(2Rp − de1)

(23)

FIGURE 10. Constraint relationship of length diameter ratio under
Symmetric 2-order cylinder model. (a) de1 = 200. (b) de1 = 300.
(c) de1 = 400.

According to the geometric relationship, the symmetric
2-order cylindrical envelope model satisfies the following

constraints:

de2 ≤ 2A1A2 (24)
A1A2 = A1O− A2O

A1O =

√
(Rpt + Rp)2 − (

le2
2
)2

A2O = Rpt − Rp +
de1
2

(25)

de2 ≤ 2

(√
(Rpt + Rp)2 − (

le2
2
)2 − (Rpt − Rp +

de1
2

)

)
(26)

le2 ≤ 2
√
(2Rpt +

de1 + de2
2

)(2Rp −
de1 + de2

2
) (27)

The calculation process of the envelope model of the sym-
metric 3-order cylinder is exactly the same as that of the
symmetric 2-order cylinder. When the number of steps of the
cylinder is more, the cumulative design space utilization of
the robot is also higher.

le3 ≤ 2
√
(2Rpt +

de1 + de3
2

)(2Rp −
de1 + de3

2
) (28)

In order to obtain the equipment volume ratio of the front
and rear end area of the robot in the symmetrical 2-order
cylindrical envelopemodel, the calculation formula of the end
volume lifting ratio of the symmetrical 2-order cylindrical
envelope model is:

VZ =
Ve2 − Ve1

Ve1
=

πd2e2(le2 − le1)

πd2e1le1

=

d2e2(2
√
(2Rpt +

de1+de2
2 )(2Rp −

de1+de2
2 ) − le1)

d2e1le1
(29)

where VZ is the volume lifting ratio, Vei is the volume sum of
the envelope cylinder of the previous i order.

Fig. 11 (a) and Fig. 11 (b) show that with the increase of
the diameter of the outer cylinder of the symmetric 2-order
cylinder model, the volume lifting rate increases gradually;
Fig. 11 (c) shows that with the increase of the diameter of the
outer cylinder of the symmetric 2-order cylinder model, the
volume lifting rate increases first and then decreases, which
shows that the diameter of the outer cylinder is not the bigger
the better, but there is a critical value, which passes through
MATLAB extremum function is easy to get.

According to the same idea above, the volume lifting rate
of n-order envelope model can be deduced as follows:

From the geometric relationship:{
de1 > de2
Rpt > Rp

(30)

(2Rpt +
de2 + de1

2
)(2Rp −

de2 + de1
2

)

− (2Rpt + de1)(2Rp − de1)

= (Rpt−Rp)(de1−de2)+
1
4
(de2+3de1)(de1 − de2) > 0 (31)
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FIGURE 11. Relationship between volume lifting rate and diameter de2 of
symmetric 2-order cylinder model outer cylinder. (a) de1 = 200. (b)de1 =

300. (c) de1 = 350.

From (31):

2

√
(2Rpt +

de2 + de1
2

)(2Rp −
de2 + de1

2
)

> 2
√
(2Rpt + de1)(2Rp − de1) (32)

Therefore, by using the symmetrical 2-order cylinder
simplified model, the axial dimension of the robot can
be expanded, and the design space utilization rate can be
improved, which is convenient for the rigid loading of large
and medium-sized cameras and other equipment.

V. ANALYSIS OF MECHANICAL PROPERTIES
The tractive ability of in-pipe robotmainly depends on its own
axial thrust and maximum static friction, which is the product
of positive contact pressure and friction coefficient of pipeline
wall. When the contact positive pressure of the motor power

and friction coefficient of the robot is greater and the traction
force generated by the robot is greater, the following analysis
is carried out.

A. DYNAMIC PUSHING FORCE ANALYSIS
The static balance force analysis process of axial and radial
cams is similar, without considering the friction and gravity
of the motion pair. The static balance force equation of the
simplified mechanical model is shown in (38):
(1)Static balance force analysis

FP =
T

2 dsdδ

=
δA0T

πh sin( π
δA0

δA)
(33)

where FP is the pushing force of the cam mechanism along
the axial direction of the pipeline. T is the axial cam torque,
δA is axial cam angle, δA0 is axial cam angle for actuating
travel.

Assuming that the rear body RB of the robot is locked
against the pipewall, and the front bodymoves along the axial
direction of the pipeline as a whole, it can be simplified as a
mass block. Therefore, dynamic force analysis introduces the
inertia force of the front body FB on the basis of static force
analysis. The dynamic force analysis is as follows.

(2)Dynamic balance force analysis

FP =
δA0T

πhA sin( π
δA0

δA)
− FI (34)

FI = mF
ω2π2hA
2δ2A0

cos(
π

δA0
δA) (35)

where FI is the equivalent inertia force of the front body, hA
is the stroke of the axial push rod, mF is the mass of the front
body.

Substituting equation (35) into equation (34):

FP =
δA0T

πhA sin( π
δA0

δA)
− mF

ω2π2hA
2δ2A0

cos(
π

δA0
δA) (36)

From (36), it can be seen that the dynamic inertia force is
not only related to the cam angular velocity, cam angle for
actuating travel, and actuating travel, but also to the mass and
acceleration of the front body of the CCR, so the lightweight
of the robot is beneficial for improving the dynamic
performance of the robot.

The radial telescopic mechanism has a lightweight push
rod and low cam speed, and the steady-state force balance
analysis can meet the application needs. However, for axial
telescopic motion, the mass and inertia force of the robot’s
front and rear body are much larger than those of the radial
support legs. Therefore, using ADAMS to analyze the influ-
ence of inertia force on the reaction force of the vehicle cam
bearing provides a reference basis for obtaining themaximum
critical speed of the robot cam. In order to adapt to the low-
speed working conditions of pipeline inspection and opera-
tion and improve the load capacity, the actual speed of the
cam after deceleration does not exceed 120 r/min, while less
than 60 r/min leads to low walking efficiency. Therefore, the
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FIGURE 12. Adams dynamic simulation analysis. (a) Cam rotation speed 60r/min. (b) Cam rotation speed 90r/min.
(c) Cam rotation speed 120r/min.

FIGURE 13. Test system schematic diagram of CCR.

cam simulation speeds were selected as 60 r/min, 90 r/min,
and 120 r/min for simulation.

The simulation results are shown in Fig. 12. When the
cam speed is 60r/min and 90r/min, the reaction force of the

camshaft support along the pipeline axis is very small, not
exceeding 30N.When the cam speed is 120r/min, the reaction
force of the camshaft seat along the pipeline axis rapidly
increases to 200N, which is not conducive to stable locking
of the body. Therefore, the critical speed of the cam should
be controlled at 90 r/min.

B. TRACTION ENERGY EFFICIENCY RATIOS
The traction energy efficiency ratios of single-drive and three
drives robots are respectively

FPR1 =
FPηG
P

(37)

FPR3 =
FP
3P

(38)

VOLUME 11, 2023 118647



Q. Xie et al.: Design of an In-Pipe Robot Coupled With Multiple Cams

FIGURE 14. Principle verification of CCR in the transparent pipe. (a) Testing within a rectangular
frame. (b) Testing inside a transparent circular pipe.

where P is the motor power, ηG is the mechanical transmis-
sion efficiency of the two-stage gears (cylindrical and bevel
gears).

Equation (37) divided by equation (38):

FPR1

FPR3
= 3ηG ≈ 2.7 (39)

The CCR adopts a two-stage transmission of spur and
bevel gears, both of which are open gear transmission with
good running-in and thin oil lubrication. According to the
transmission efficiency table of mechanisms [33], the trans-
mission efficiency of the spur and bevel gears is generally
0.95. Equation (39) shows that the traction energy efficiency
ratio is more than 2 times of the original. This shows that
the single-drive inchworm in-pipe robot can greatly improve
the traction energy efficiency ratio, which has obvious
application advantages in the pipeline environment.

VI. PRINCIPLE VERIFICATION
As illustrated in Fig. 13, the hardware of the control system
mainly includes: switch power supply, CP1H-PLC, touch
screen, remote control, and motor driver. The start, stop,
forward and backward movement of the robot in the pipe can
be controlled by a touch screen or remote control. The BYG

driver is used to drive the step motor. The supply voltage of
the BYG is 48V, and the supply voltage of the touch screen is
24V. RS232 communication is used between the touch screen
and CP1H.

As shown in Fig.14 (a), the robot walking tests inside
an aluminum profile frame, which resembles a U-shaped
or rectangular interface. Due to the robot’s total of 8 sup-
porting legs and wheels, its front or rear body can sup-
port up to four points (up, down, left, and right), making it
compatible with three-point support scenarios (bottom, left,
and right). As shown in Fig. 14(b), the robot was tested in
both horizontal and vertical transparent tubes, by observ-
ing the transparent tube, it can be observed that the robot
is only dragging a cable rope, which is because the robot
only uses one motor and one driver. Therefore, the control
complexity and number of cables of the robot have been
reduced. If the motor rotates forward, the robot will walk
forward; if the motor rotates backwards, the robot will walk
backwards. The robot can achieve bidirectional movement
in both horizontal and vertical directions. The experimen-
tal results show that the bidirectional gait movement of the
robot can be realized by controlling only one motor, and the
multi drive control of the inchworm in-pipe robot is greatly
simplified.
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FIGURE 15. The relationship between displacement of gait motion and the number of cam rotations. (a) Move left.
(b) Move right. (c) Move up. (d) Move down.

Compared with several other robots in Table 1, CCR could
get a two-way creeping walk via only one driver, thus the
control is simple. In addition, CCR adopts an active support
method to avoid sliding friction between the support legs
and the pipe wall. For the inchworm in-pipe robot, the most
important thing is that the number of motors is reduced,
so that the number of motor power lines is reduced to 1/3
of the original, so the drag of streamer is greatly reduced.

TABLE 1. Comparison with other inchworm in-pipe robots.

In addition, displacement tests were conducted on the robot
to obtain the relationship between the number of cam rota-
tions and displacement. The theoretical displacement satisfies
the following equation:

s = hAnC (40)

where s is the theoretical displacement of the robot CCR, nC
is the number of revolutions of the axial cam.

The displacement test results in Fig. 15 show that the aver-
age displacement errors for horizontal and vertical walking
are 2.0% and 11.3%, respectively. Vertical walking has a
relatively large error compared to horizontal walking, which
is caused by the deformation of the robot’s telescopic legs
under the action of gravity. Due to the cantilever structure
of the telescopic leg, the longer the length of the leg, the
greater the error. Therefore, the telescopic leg should not be
too long and should be designed and adapted to the diameter
of the pipe. To reduce the error, it is possible to reduce the
weight of the robot or increase the stiffness of the support
legs in the future. Equation (40) is only used as a theoretical
displacement calculationmethod for robots, and errors should
be taken into account when estimating the actual displace-
ment. In addition, the displacement information of the robot
can be better obtained by combining it with other advanced
positioning systems.

VII. CONCLUSION
In this paper, a single-motor driven inchworm in-pipe robot,
called CCR, has been designed. CCR, which is based on a
cam combination mechanism, can realize crawling and active
supporting motion with only one motor, which avoids the
sequential or coordinated control betweenmultiple drives and
greatly simplifies the control factors. With the reduction of
the number of drives, it is easier to improve safety in pipelines
containing flammable and explosive gases.

Through the mechanism design and parameter analysis of
the proposed robot, the kinematic law was obtained. Through
the analysis of the constraint characteristics in the pipe,
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the constraint relationship of the length-diameter ratio was
determined to avoid the interference in the pipe. The n-
order symmetric cylinder envelope model was used, which
greatly improves the robot volume ratio and the space uti-
lization rate in the pipe. The dynamic characteristics of the
robot were obtained by simulation using ADAMS software.
Finally, the effectiveness of the robot’s bi-directional move-
ment in horizontal and vertical pipelines was verified through
experiments.

Future work could include a rigorous study of the effects
of other parametric changes and different loading conditions,
as well as the study of pipes of different shapes and materials.
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