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Abstract. A model having two degrees of freedom and incorporating a specific type of
nonlinearity is proposed for the analysis of dynamics of a pipe robot. Specific type of nonlinearity
has different values of viscous friction depending on the sign of velocity of the system. Numerical
investigations for various parameters of the system are presented. Optimal frequency of excitation
of a pipe robot is determined. The obtained results are used in the process of design of pipe robots:
it is especially important to choose the frequency of excitation in order to ensure effective
operation of a pipe robot.
Keywords: pipe robot, harmonic excitation, nonlinear qualities, graphical relationships.
1. Introduction
Resonances in nonlinear systems play an important role in dynamics of different mechanisms
[1]. Impacts and dynamics of systems for various types of excitations are investigated in [2].
Stabilisation of nonlinear systems is analysed in [3]. Dynamical systems with impacts are
investigated in [4]. Periodic orbits in mechanical systems are described in [5]. Vibro-impact
energy sink and its nonlinear qualities are analysed in [6]. Dynamics of particle interacting with a
wall is investigated in [7]. Frequencies of a multibody dynamical system are analysed in [8].
Mechanism of a specific type having a pendulum is investigated in [9]. Piecewise linearity in a
model of a dynamical system is analysed in [10]. Resonant zones of a nonlinear vibrating system
are investigated in [11]. Sommerfeld effect in a nonlinear dynamical system is analysed in [12].
Isolated resonances of a vibrating system are investigated in [13]. Robot travelling inside the pipe
is described in [14]. Review of modeling of pipe robots is presented in [15]. Pipe inspection robot
is developed and investigated in [16]. Pipe leak detection robot is analysed in [17]. Method of
design of a pipe robot is described in [18]. Modeling and control of a pipe inspection robot is
investigated in [19]. Design of pipe inspection robots is developed in [20]. Mechanisms of pipe
robots that inspect various pipe types are investigated in [21].
A model comprising two degrees of freedom and incorporating a specific type of nonlinearity
is proposed for the analysis of dynamics of a pipe robot. Specific type of nonlinearity has different
values of viscous friction depending on the sign of velocity of the system. Numerical
investigations for various parameters of the system are presented. Optimal frequency of excitation
of a pipe robot is determined. The obtained results are used in the process of design of pipe robots.
The major objective of this paper is to propose the model of a pipe robot. The motions of a
pipe robot on the basis of a proposed model are investigated and graphical relationships are
obtained. They enable to choose desirable parameters of a pipe robot.
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2. A phenomenological model of a pipe robot
The governing equations of the model of a pipe robot read:
+ 𝑥 − 𝑥 = 𝑓 sin𝜈𝜏,
ℎ 𝑥 , 𝑥 >0
𝜇𝑥 + ℎ 𝑥 − 𝑥 + 𝑥 − 𝑥 +
= 0,
ℎ 𝑥 , 𝑥 <0
𝑥 +ℎ 𝑥 −𝑥

(1)

where 𝑥 and 𝑥 are non dimensional displacements of the first and second degrees of freedom of
the investigated system, ℎ is the non dimensional coefficient of viscous damping between the two
interacting elements of the investigated system, 𝑓 is the non dimensional amplitude of the
exciting force, 𝜈 is the non dimensional frequency of the exciting force, 𝜏 is the non dimensional
time variable, 𝜇 is the non dimensional mass of the system, ℎ and ℎ are non dimensional
coefficients of viscous friction and ⋅ ′ denotes differentiation with respect to the non dimensional
time.
3. The dynamics of the system – computational experiments
The following values of the parameters of the system were assumed in the investigation:
ℎ = 0.1,

𝑓 = 1,

𝜇 = 0.1,

ℎ = 0.2.

(2)

Investigations were performed for three values of non dimensional frequency of excitation:
𝜈 = 0.9,

𝜈 = 1.1,

𝜈 = 1.3,

(3)

as well as for two values of non dimensional coefficient of viscous friction ℎ :
ℎ = 0.1,

ℎ = 2.

(4)

Two periods of steady state motion are investigated. This enables to visually estimate if the
steady state regime has been reached.
3.1. The dynamics of the system at 𝝂 = 0.9
Graphical results of investigation of dynamics of the system at ℎ = 0.1 are presented in Fig. 1.

a) Non dimensional displacements
b) Non dimensional velocities
as functions of non dimensional time
as functions of non dimensional time
Fig. 1. Dynamics of the system for the first value of ℎ (the first degree of freedom represented by
continuous lines and the second degree of freedom represented by dashed lines)

Graphical results of investigation of dynamics of the system at ℎ = 2 are presented in Fig. 2.
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a) Non dimensional displacements
b) Non dimensional velocities
as functions of non dimensional time
as functions of non dimensional time
Fig. 2. Dynamics of the system for the second value of ℎ (the first degree of freedom represented by
continuous lines and the second degree of freedom represented by dashed lines)

3.2. The dynamics of the system at 𝝂 = 1.1
Graphical results of investigation of dynamics of the system at ℎ = 0.1 are presented
in Fig. 3.

b) Non dimensional velocities
a) Non dimensional displacements
as functions of non dimensional time
as functions of non dimensional time
Fig. 3. Dynamics of the system for the first value of ℎ (the first degree of freedom represented by
continuous lines and the second degree of freedom represented by dashed lines)

Graphical results of investigation of dynamics of the system at ℎ = 2 are presented in Fig. 4.

b) Non dimensional velocities
a) Non dimensional displacements
as functions of non dimensional time
as functions of non dimensional time
Fig. 4. Dynamics of the system for the second value of ℎ (the first degree of freedom represented by
continuous lines and the second degree of freedom represented by dashed lines)

3.3. The dynamics of the system at 𝝂 = 1.3
Graphical results of investigation of dynamics of the system at ℎ = 0.1 are presented
in Fig. 5.
Graphical results of investigation of dynamics of the system at ℎ = 2 are presented in Fig. 6.
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a) Non dimensional displacements
b) Non dimensional velocities
as functions of non dimensional time
as functions of non dimensional time
Fig. 5. Dynamics of the system for the first value of ℎ (the first degree of freedom represented by
continuous lines and the second degree of freedom represented by dashed lines)

b) Non dimensional velocities
a) Non dimensional displacements
as functions of non dimensional time
as functions of non dimensional time
Fig. 6. Dynamics of the system for the second value of ℎ (the first degree of freedom represented by
continuous lines and the second degree of freedom represented by dashed lines)

From the presented graphical results one can note that for the first value of the non dimensional
coefficient of viscous friction motion of the pipe robot takes place in the negative direction, while
for the second value of the non dimensional coefficient of viscous friction motion of the pipe robot
takes place in the positive direction. From the presented results it can be seen that variation of
velocity in steady state regime is periodic. Dependence of the obtained results from the frequency
of excitation is observed in the obtained graphical relationships.
4. Investigation of non dimensional average velocity as function of viscous friction
The following values of the parameters of the system were assumed in the investigation:
ℎ = 0.1,

ℎ = 0.1,

𝑓 = 1,

𝜇 = 5.

(5)

Investigations were performed for four values of non dimensional frequency of excitation:
𝜈 = 1,

𝜈 = 1.1,

𝜈 = 1.4,

𝜈 = 1.6.

(6)

Non dimensional coefficient of viscous friction ℎ was assumed to be in the interval:
ℎ ∈ 0.1,20 .

(7)

Non dimensional average velocity as function of viscous friction is represented in Fig. 7.
The presented graphical relationships enable to determine the value of non dimensional
viscous friction which can be used in the model of the pipe robot for investigations of its dynamics.
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Fig. 7. Non dimensional average velocity of the system as function of viscous friction

5. Determination of optimal non dimensional frequency of excitation
The following values of the parameters of the system were assumed in the investigation:
ℎ = 0.1,

𝑓 = 1,

𝜇 = 5,

ℎ = 0.1,

ℎ = 20.

(8)

Non dimensional frequency of excitation was assumed to be in the interval:
𝜈 ∈ 1,1.6 .

(9)

Non dimensional average velocity as function of non dimensional frequency of excitation is
represented in Fig. 8.

Fig. 8. Non dimensional average velocity of the system
as function of non dimensional frequency of excitation

It can be noted that the values of ℎ = 0.1, ℎ = 20 were chosen on the basis of the results
presented in Fig. 7. Large value of non dimensional coefficient of viscous friction ℎ enables to
represent the behaviour of the self – stopping mechanism.
The presented graphical relationship determines optimal non dimensional frequency of
excitation which corresponds to maximum non dimensional average velocity of the system: it is
especially important to choose the frequency of excitation in order to ensure effective operation
of a pipe robot.
6. Conclusions
In this paper a model having two degrees of freedom and incorporating a specific type of
nonlinearity is proposed for the analysis of dynamics of a pipe robot. Numerical investigations for
various parameters of the system are presented and graphical relationships are obtained. They
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enable to choose desirable parameters of a pipe robot.
The presented graphical relationship of non-dimensional average velocity as function of
viscous friction enables to determine the value of non-dimensional viscous friction which can be
used in the model of the pipe robot for investigations of its dynamics.
The presented graphical relationship of non-dimensional average velocity of the system as
function of non-dimensional frequency of excitation determines optimal non dimensional
frequency of excitation which corresponds to maximum non dimensional average velocity of the
investigated system. Thus, optimal frequency of excitation of a pipe robot is determined.
The obtained results are used in the process of design of pipe robots. In practical applications
it is especially important to choose the frequency of excitation in order to ensure effective
operation of a pipe robot.
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