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Abstract. The in-pipe robots are currently of significant interest, considering numerous recent
publications on this subject. Such machines can use various locomotion principles: wheeled,
tracked (caterpillar), walking (legged), screw-type, worm-type, snake-type, etc. In most cases,
such robots are equipped with an active drive system transmitting the torque from a motor shaft
to the corresponding locomotion mechanism (wheels, tracks, etc.). The present paper is devoted
to the wheeled in-pipe robot that doesn’t need a complex transmission. In such a case, the idea of
implementing the vibratory locomotion system driven by an internal unbalanced mass is proposed.
The corresponding kinematic diagram of the wheeled vibration-driven in-pipe robot is developed,
and the differential equations describing the robot motion are deduced. In order to carry out the
virtual experimental investigations, the robot’s simulation model is designed in the SolidWorks
software. The major scientific novelty of the present research consists in developing the theoretical
foundation for designing and practical implementation of the in-pipe robots driven by the inertial
vibration exciters and equipped with the unidirectionally rotating wheels and overrunning
clutches. The results of numerical modeling and computer simulation of the robot motion
substantiate the possibilities and expediency of implementing the proposed vibration-driven
locomotion principles while creating novel designs of the in-pipe robots.

Keywords: vibratory locomotion system, unbalanced mass, kinematic diagram, experimental
investigations, simulation model, inertial vibration exciter, overrunning clutch.

1. Introduction

The in-pipe robots are widely used for carrying out the inspecting, cleaning, repairing,
welding, and other technological operations inside the pipelines. The main characteristic feature
of such robots is the type of the locomotion mechanism. Numerous investigations are dedicated
to various locomotion principles of in-pipe robots. For example, the recent papers [1] and [2]
present a comprehensive analysis of the design and operational peculiarities of the in-pipe robots.
Among a great variety of locomotion mechanisms, particularly wheeled, tracked (caterpillar),
walking (legged), screw-type, inchworm-type, snake-type, etc., the wheeled ones are of the most
widespread. In order to provide the adaptation of the wheeled traction systems to a certain pipe’s
diameter, the corresponding controlling mechanisms are used. The paper [3] considers a wide
range of linkages used for changing the geometrical parameters of the wheeled in-pipe robots. In
addition, such linkages provide the sufficient contact forces between the driving wheels and the
inner surface of the pipe in which the robot is working.

In order to set the in-pipe robot into motion, various drives are used. For example, the paper
[4] considers the pneumatically-operated vibration-driven robot equipped with the sprung sliding
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and rolling supports ensuring its unidirectional motion. In [5], the authors proposed a novel design
of the wheeled screw-type in-pipe robot driven by a single electric motor providing the robot
rectilinear motion along the pipeline. The inchworm locomotion principle provided by the
improved self-locking mechanism has been implemented in the hydraulically-operated in-pipe
robot presented in [6]. The screw-type wheeled robot with the complex electromechanical
transmission providing the controllable motion of the robot’s wheeled frames is studied in [7].
The paper [8] presents the improved in-pipe robot equipped with two mechanically synchronized
mechanisms: cam-linkage and sliding-rotating ones, which are driven by one electric motor and
provide the inchworm-type locomotion principle. A novel design of the pipe-inspection robot with
two unidirectionally sliding frames and six slider-crank-type mechanisms actuating the telescopic
supporting elements is considered in [9]. The paper [10] is focused on defining the optimal sliding
modes of the electromagnetically driven worm-like robot.

Analyzing numerous publications on the subject of in-pipe robots, e.g., [1]-[10], it can be
concluded that most robots are equipped with an active drive system transmitting the torque from
the driving unit to the corresponding locomotion mechanism (wheels, tracks, etc.). Taking into
account the complexity of such transmissions, some researchers analyze the possibilities of
implementing the passive locomotion principles based on vibration excitation. For example, the
paper [11] considers the dynamic behavior of the small mobile vibration-driven robot equipped
with the inertial (eccentric) exciter and flexible supporting bristles. In [12], the authors investigate
the double-mass vibratory system of the in-pipe robot actuated by two inertial vibration exciters
with a non-circular gear drive. Similar locomotion principles have been implemented in the
improved vibratory compactor, which can slide along a rough surface and is equipped with the
crank-type vibration exciter [13]. In [14], the authors proposed the enhanced inertial vibration
exciter equipped with two synchronized and coaxially rotating unbalanced masses. The paper [15]
is focused on studying the locomotion conditions of the wheeled vibration-driven robot with the
double-mass oscillatory system and crank-type exciter.

The present paper continues the authors’ previous investigations on the vibration-driven
systems, particularly [13]-[15], and considers the idea of implementing the wheeled vibratory
in-pipe robot driven by an internal unbalanced mass. The major scientific novelty of the following
investigations consists in developing the theoretical foundation for designing and practical
implementation of the in-pipe robots driven by the inertial vibration exciters and equipped with
the unidirectionally rotating wheels and overrunning (free-wheel) clutches.

2. Research methodology
2.1. Kinematic diagram and simulation model of the vibration-driven in-pipe robot

The major idea of this research consists in improving the wheeled in-pipe robot by means of
implementing the vibratory locomotion system driven by an internal unbalanced mass (see Fig. 1).
The robot’s wheels are pressed to the pipe’s walls with the help of the spring couplers.

The rear wheels are connected with the pressing levers using the overrunning (free-wheel)
clutches (C;, C4), whilst the front wheels are mounted with the help of the ball bearings (simple
revolute joints, hinges C,, C3). The clutches restrict the backward motion of the rear wheels.
Herewith, the front wheels can rotate in any direction.

Let us consider the case when the robot’s body performs the plane-parallel motion due to the
action of the inertial (centrifugal) forces generated due to the uniform rotation of the unbalanced
mass M. The forces are applied to the hinge O simulating the motor’s shaft and locating at the
body’s mass center (see Fig. 1). The considered vibratory locomotion system is characterized by
two degrees of freedom. Adopting the inertial coordinate system xOy at the initial equilibrium
position of the body’s mass center, the corresponding generalized coordinates x, y allow for
unambiguous describing the positions of all the system’s members at any time moment. The
additional coordinates Xy, X, X3, X, Will be used for analyzing the translational motion of the
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robot’s wheels. The proposed structure of the robot’s vibratory system allows for its easy
adaptation to the changing internal diameter of the pipeline, and improves the possibilities of the
robot operation inside the curved pipelines.

The rotary motion of the unbalanced mass m,,, is described by the controllable angular
coordinate ¢. The wheel C, can rotate in the clockwise direction, whilst its counterclockwise
rotation is restricted by the overrunning (free-wheel) clutch. At the same time, the wheel C; can
only rotate in the counterclockwise direction. Therefore, in the proposed design of the in-pipe
robot, there is no need to use the complex active transmission.

Fig. 1. Kinematic diagram and simulation model of the oscillatory system of the wheeled in-pipe robot
2.2. Mathematical model describing the robot motion

Let us consider the robot’s body as a particle of the mass m,,;, located at the hinge O, and the
unbalanced mass m,,,, rotating around the hinge at the radius r;. The geometrical parameters of
the robot are adopted to be symmetrical, i.e.: Ly, 4, = laga,»> lasa, = luyass lags, = e, = lags, =
la,, = b layc, = layc, = lages = lagc, = lac (see Fig. 1). The distances between the hinge O
and the joints Ay, A,, A3, Ay (loa, = loa, = loa, = loa, = loa) are assumed to be significantly
smaller than all the other geometrical parameters, therefore the angular oscillations (turning) of
the robot body are neglected. The clutches and bearings are located at the corresponding hinges
Ci, C,, Cs, C,. Due to the fact that the masses of all the other bodies (e.g., the wheels with clutches
and bearings, the pressing levers, etc.) are negligibly smaller than the robot’s body mass, let us
derive the mathematical model describing the robot plane-parallel motion using the Lagrange-
d’Alembert principle. Following two nonlinear differential equations describe the motion of the
robot’s body:

(mrb + mum)x(t) (1)
= My 11 W% €0S(W) — Fprq (t) = Fryp(t) — Frpa (t) = Fppa(t) + Fyuy () + Foua(0),
(mrb + mum)}}(t)

= 107 5i000) + (B (0 = Fyra® = (Fopn 0 + Faama ©) 2 tanas(®©

lap
+ (Ffr3 (t) - Ffr4(t) + (Fsprz (t) - Fdamz (t)) lj_c) tan a, (t);

where 17, w are the radius (eccentricity) and angular velocity of the unbalanced mass rotation,
respectively; Fpq(t), Fprp(t), Fpg(t), Fpra(t) are the friction forces acting upon the robot’s
wheels; Fy,;1 (t), Fp,14(t) are the blocking forces taking place due to action of the overrunning (free-
wheel) clutches; Fgpyq(t), Fspro(t) are the restoring forces generated by the upper and lower
springs during their tension; Fygm1(t), Faam2(t) are the damping forces generated by the upper
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and lower dampers; l5, l4c denote the lengths of the corresponding rods. The angles a4, a, are
marked in Fig. 1. It is necessary to mention that the friction, blocking, restoring, and damping
forces, as well as the angles a4, a, are the functions of time.

To perform further calculations, let us derive the analytical expressions for a (t), a,(t):

(05 (d = 1a,a,) —¥(®)

a,(t) = arcsin , (3)
lAC
05-(d—1 +y(t
a,(t) = arcsin( ( lA1A4) y( )), 4)
AC

where d is the internal (inside) diameter of the pipeline; l4, 4, denotes the distance between the
corresponding hinges (see Fig. 1).
The time dependencies of the restoring forces can be described as follows:

Fsprl (t) = kl (lAlAZ + 2lAB cos al (t) - lspro)' (5)
Fopra(t) = "71(1,43,44 + 215 cos ay(t) — lspTO)J (6)

where 1y, 4,, la 4, are the distances between the corresponding hinges. It has been assumed that
laja, = lasa,s Lspro denotes the free length of the springs; k; is the springs stiffness.
The functions of the damping forces Fygm1(t), Fiam2(t) are following:

Faami1(t) = 2¢1lyp sinay (t) a4 (t), (7N
Faamz2(t) = 2c1lyp sinay () d,(t), ®

where c¢; denotes the viscous friction coefficient of the damping element.

One of the most complicated tasks of the present research consists in predicting the time
dependences and deriving the analytical expressions for the friction forces. In order to simplify
further modeling process, let us assume the frictionless forward (rightward) motion of the robot,
and consider the single-direction (one-way) rotation of the first and fourth wheels. In such a case,
the time functions of the friction and blocking forces can be expressed as follows:

0, sign(a’c(t)) > 0,sign(y) <0,

Frpy (t) = {0.5my,mw? cos(wt),  sign(x()) <0, 9)
My 0?2 cos(wt), sign(y(t)) > 0,

Fira(t) = Fpp3(t) = 0, (10)
0, sign(;’c(t)) > 0,sign(y) =0,

Frr4(8) =4 0.5my,m 02 cos(wt),  sign(x(t)) <0, (11)
My 02 cos(wt), sign(y(1)) <0,
0, sign(}'/(t)) <0,

(05(d = ly,4,) = ¥(®) 5(®)

\/lﬁc - (0-5(d —la,a,) — y(t))
0, sign(y(t)) = 0,
(05(d = Lu,,) +y(0)) )

\/131C = (0.5(d = Lu,a,) +¥(®)

Fbll(t) - < (mrb + mum)

, sign(y(t)) >0, (12)

Fp1a(t) = 1

—(Myp + Mysn)

, sign(y(1)) < 0. (13)
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3. Results and discussion
3.1. Numerical modeling of the robot motion inside a horizontal pipeline

Substituting the derived Egs. (3)-(13) into the system of differential Eqs. (1) and (2), the
motion of the robot’s body can be mathematically modeled. Due to the significant complexity of
the derived system, it is decided to carry out the numerical modeling of the robot motion using the
applied software Wolfram Mathematica.

Using the robot’s simulation model (3D design) developed in the SolidWorks software (see
Fig. 1), let us define its inertial and geometrical parameters: Iz = 0.095 m, I, = 0.12 m,
laja, =0.028m, 1, 4, = ly 4, =0.028 m, lg,,9 =0.022m,d =0.17m, r, =0.05m, m,;, =0.15
kg, my, = 0.06 kg. The damping (viscous friction) coefficient ¢; = 5 N-s/m. The stiffness
coefficient is following k; = 70 N/m. The forced frequency is equal to 15 Hz and hence the
angular velocity of the unbalanced mass w =94 rad/s.

The results of numerical modeling of the robot motion inside a horizontal pipeline are
presented in Fig. 2. During the modeling time (0.4 s) the robot has passed the distance of 0.65 m.
The amplitude of the robot’s body vertical oscillations is about 0.012 m. The corresponding
trajectory is presented in Fig. 2(c). The peak values of the robot’s horizontal and vertical speeds
are equal to 3.3 m/s and 1.4 m/s, respectively. The average horizontal speed is about 1.7 m/s.

074X, m y,m] Robot’s body Unbalanced mass
06 Robot’s body 0.041
05 5 > 0031
04 Unbalanced mass 00721
03 0014
02 - 9
"Wheel Ci4 -001+
01 -0021
0 _ J
Wheel (1 003
-01 -0.04
) 0.1 02 03 [ 04 0 0.1 02 03 I, s 04
a)
002 Fx, m/s
Jm
001
o
-0.01
] 01 02 03 04 05 X, M 0 01 02 03 I,s 04
c) d)

Fig. 2. Kinematic characteristics of the robot’s locomotion: a), b) time dependencies of the horizontal and
vertical displacements; c) robot’s body motion trajectory; d) robot’s body horizontal and vertical speeds

3.2. Computer simulation of the robot motion

In order to verify the correctness of the numerical modeling results, the computer simulation
(virtual experiment) of the robot motion has been carried out in the SolidWorks Motion software.
Fig. 3 presents the basic stages of the robot locomotion. The initial position of the robot is shown
on the left side. During the first stage, the robot’s body moves upward and rightward due to the
action of the centrifugal forces generated by the unbalanced mass rotation. The upper left wheel
becomes blocked, whilst the lower left one moves to the right. The next stage starts when the
centrifugal force is directed to the left. The lower left wheel becomes blocked, and the upper left
one moves to the right. When the unbalanced mass reaches its lowest position, the last locomotion
stage starts, and both upper and lower left wheels move to the right.
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Fig. 3. Basic stages of the robot locomotion simulated with the help of the SolidWorks software

At the end of the first locomotion cycle, the robot’s body reaches the position similar to the
initial one. The average horizontal displacement of the robot’s body during one cycle is about
0.12 m. This value allows for drawing the conclusion about the robot average horizontal speed
equal to 0.18 m/s at the forced frequency of 15 Hz. Therefore, the results of virtual experiments
satisfactorily agree with the results of numerical modeling.

4. Conclusions

The present research is focused on studying the dynamic behavior and motion characteristics
of the wheeled vibration-driven robot for pipelines inspection. It is considered to equip the rear
(left) wheels with the overrunning (free-wheel) clutches and generate the forced vibrations with
the help of the inertial exciter (rotating unbalanced mass). The corresponding mathematical model
of the robot’s oscillatory system is derived and the numerical modeling is carried out in the
Mathematica software. The results of numerical modeling and computer simulation in the
SolidWorks software showed that the robot average horizontal speed is about 1.7-1.8 m/s at the
forced frequency of 15 Hz, i.e., when the angular velocity of the unbalanced mass is equal to
94 rad/s. The peak-to-peak value of the robot’s body vertical displacement is about 0.24 m, and
the average displacement during one locomotion cycle is 0.12 m. The proposed vibration-driven
locomotion principles can be implemented while creating novel designs of the in-pipe robots.
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