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Abstract. The paper aims to analyze the improved design of an in-pipe vibration-driven robot, 
which is equipped with a self-locking mechanism, electromagnetic exciter, and size-adapting 
devices. The study focuses on examining the robot’s locomotion conditions at different working 
regimes. The research methodology contains four main stages: analysis of the design peculiarities 
of the enhanced wheeled in-pipe vibration-driven robot; developing a simplified dynamic diagram 
and deriving the differential equations to describe its locomotion conditions; carrying out 
numerical modeling with the help of Mathematica software to analyze the robot’s basic dynamic 
parameters; conducting virtual experiments and testing the robot locomotion characteristics by 
means of the computer simulation in SolidWorks Motion software. The results obtained include 
the time-based data on the robot’s displacement, speed, acceleration, and consumed power under 
different operating conditions, such as varying forced frequencies and excitation force amplitudes. 
The novelty of this investigation lies in identifying efficient working regimes for the improved 
wheeled vibration-driven robot intended for moving inside the pipelines. Future research will 
focus on developing a full-scale experimental prototype of the robot and conducting laboratory 
investigations at different working regimes. The findings of this research are valuable for scientists 
and engineers involved in the study and design of similar vibration-driven locomotion systems.  
Keywords: electromagnetic exciter, locomotion characteristics, mathematical model, dynamic 
diagram, working regimes, computer simulation. 

1. Introduction 

The maintenance, monitoring, inspection, and cleaning of the inner surfaces of pipelines, 
tubes, vessels, and similar structures are frequently managed with the help of in-pipe or pipeline 
robots [1]. These robots come in various designs, with the most prevalent being those utilizing 
wheeled, tracked (caterpillar), screw-drive, inchworm, and snake-like locomotion systems [2]. 
PIG-type (pipe inspection gauge) robots, along with other bio-inspired designs, are commonly 
employed for performing tasks within pipes [3]. To enable these robots to adjust to the changing 
geometrical parameters of the pipes they navigate, a range of passive and active reconfigurable 
mechanisms are used [4]. One of the most commonly utilized in-pipe robots features a wheeled 
chassis [5]. Different designs of these robots, which are equipped with active adapting 
mechanisms, have been developed and extensively investigated in [6], [7]. The authors of [8] 
introduced the initial concept of a four-wheel robot actuated by an inertial vibration exciter. 
Subsequent studies [9], [10] focused on mathematical modeling, simulation, and experimental 
studies of the vibratory robots at different working regimes. Novel prototypes of walking and 
crawling mechanisms of mobile in-pipe robots have also been explored in [11], [12]. Additionally, 
in [13], the potential for employing various image-processing techniques has been discussed to 
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inspect the internal surfaces of tubes and pipelines using wheeled robots driven by DC motors. 
Enhanced mechatronic systems designed for semi-automatic pipeline monitoring and cleaning 

operations are discussed in [14]. Similar studies focused on a novel inchworm robot actuated with 
the help of a cam-linkage mechanism are presented in [15]. Comprehensive analysis of 
autonomous robots designed for inspecting defects in underground pipelines is carried out in [16], 
[17]. The control of locomotion characteristics in subsea pipeline robots is examined in [18]. The 
challenges of a robot navigating through the girth weld of a gas pipeline are thoroughly considered 
in [19]. In [20], the authors explore the locomotion conditions of a pipeline robot equipped with a 
fluid-structure coupling. The results of an extensive study on the optimal sliding models of an 
electromagnetically driven worm-like robot are reported in [21]. An enhanced design and control 
strategies for a V-shaped pipeline robot are discussed in [22]. The operational characteristics of 
the wheeled wall-pressing robots are examined in [23, 24]. The dynamic behavior of the pipeline 
robot with omnidirectionally rotating wheels driven by permanent electromagnets is analyzed in 
[25]. Additionally, in [26], there is analyzed an innovative design of a wheeled vibration-driven 
in-pipe robot, which uses an enhanced non-circular gear mechanism in its drive. 

The initial concept for this paper was introduced in the authors' previous works [27]-[29]. 
Particularly, in [27], a simplified design diagram of the wheeled vibration-driven pipeline robot 
was created, and mathematical modeling along with computer simulations of the robot locomotion 
was conducted. The paper [28] is focused on the experimental estimation of the robot’s locomotion 
parameters at different working regimes. In [29], there was considered the initial design of the 
vibration-driven robot able to move inside circular tubes and pipelines. The current paper aims to 
develop an improved design of the autonomous wheeled vibration-driven robot, which features 
the self-locking and self-adapting mechanisms set into motion by a solenoid-type actuator. The 
robot is designed to move inside pipelines of various cross-sections and to conduct photo and 
video inspections of the conditions of their internal surface (welds, couplings, joints, cracks, etc.). 

2. Research methodology 

The robot is composed of a frame (body) 1 that holds all the other components (Fig. 1).  

 
Fig. 1. Enhanced vibration-driven in-pipe robot design 

The lever-type spring-restrained linkages 2, equipped with rollers 3, support the robot’s 
frame 1 inside the pipeline 4. Vibrations of the disturbing (internal) body 5 are induced by the 
solenoid-type exciter 6. The rear end of the pusher (tappet, plunger, armature) 7 is hingedly joined 
to a linkage-type braking system 8, which provides self-locking regimes and unidirectional 
locomotion for the vibration-driven robot inside a pipeline. The control system 9 utilizes Arduino 
software and hardware, powered by rechargeable batteries 10. To perform photo and video 
inspections of the conditions of the pipeline’s internal surfaces, the camera 11 is installed at the 
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front end of the robot’s frame. Consequently, the robotic platform slides inside the pipeline 4 in a 
single direction due to the periodic disturbances caused by the oscillating (reciprocating) motion 
of the internal body 5. The self-locking linkage-type braking system 8, driven by the solenoid 
tappet 7, prevents the robot from moving backward. 

Unlike the previous design of the similar robot considered in [29] and mostly used for cleaning 
the internal surfaces of the pipelines, the current design (Fig. 1) is intended only for monitoring 
the internal conditions (weldments, couplings, joints, cracks, etc.). The major difference between 
these designs is the motion principle: previous robot used the sliding regimes where the scrappers 
slide along the internal surface, while the current robot employes the rolling regimes where the 
rollers move inside the pipeline. In the last case, the friction losses and energy consumption are 
much smaller, and the robot may be more effectively used for monitoring the in-pipe conditions. 

The simplified structural diagram of the robot’s oscillatory system is depicted in Fig. 2. In the 
considered mechanical system, the body of the mass 𝑚ଵ represents the robot’s frame, and the body 
of the mass 𝑚ଶ corresponds to the internal (disturbing) body. The lever-type spring-restrained 
linkages, equipped with rollers, support the robot’s frame inside the pipeline (tube). The 
oscillations (reciprocating motion) of the internal body are excited due to the action of the periodic 
force 𝐹ሺ𝑡ሻ, which can be approximately considered as sinusoidal or cosinusoidal one and is 
applied between the robot’s frame and the disturbing body. The braking (self-locking) system 
comprises two linkages OACE and OBCD, which form a twin lever-type mechanism with spring 
elements characterized by the stiffness coefficients 𝑘ଵ, 𝑘ଶ, and 𝑘ଷ. The periodic disturbing force 𝐹ሺ𝑡ሻ induces reciprocating inertial forces, which act upon the internal mass and are transmitted to 
the robot’s body. Such design of the robot’s mechanical system enables it to move in a stepwise 
unidirectional manner inside the pipeline of the changeable diameter 𝑑. The translational motion 
of the robot’s body is represented by the generalized coordinate 𝑥ଵ, while the position of the 
internal body is described by the coordinate 𝑥ଶ. 

 
Fig. 2. Simplified structural diagram of the robot’s mechanical oscillatory system 

Assuming the braking (self-locking) mechanism operates perfectly, we can disregard it while 
deducing the mathematical model (system of differential equations) for the robot’s locomotion. 
Under this assumption, the vibration-driven robot is able to move freely forward, while its 
backward motion is completely restricted. We will consider 𝑘ଵଶଷ as the reduced stiffness of the 
entire braking (self-locking) mechanism acting on the internal (disturbing) body 𝑚ଶ. 
Consequently, the following differential equations can be deduced to model the robot’s 
translational locomotion: ሺ𝑚ଵ + 𝑚ଶሻ ∙ 𝑥ሷଵ + ሺ𝑥ଵ − 𝑥ଶሻ ∙ 𝑘ଵଶଷ = 𝐹௜௝ሺ𝑡ሻ − 𝐹௕௥ሺ𝑡ሻ, (1)𝑚ଶ ∙ 𝑥ሷଶ + ሺ𝑥ଶ − 𝑥ଵሻ ∙ 𝑘ଵଶଷ = −𝐹௜௝ሺ𝑡ሻ, (2)

where the braking (self-locking) force 𝐹௕௥ can be modeled by the simplified formula: 

𝐹௕௥ሺ𝑡ሻ = ൜0, signሺ𝑥ሶଵሻ ≥ 0,𝐹௜௝ሺ𝑡ሻ − ሺ𝑥ଵ − 𝑥ଶሻ ∙ 𝑘ଵଶଷ, signሺ𝑥ሶଵሻ < 0, (3)
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and the excitation force is described by the periodical (sinusoidal) function: 𝐹௜௝ሺ𝑡ሻ = 𝐹௜ ∙ sin൫𝜔௝ ∙ 𝑡൯ = 𝐹௜ ∙ sin൫2 ∙ 𝜋 ∙ 𝑓௝ ∙ 𝑡൯, (4)

where 𝐹௜ is the amplitude value of the excitation force; 𝜔௝ is the angular frequency of forced 
oscillations; 𝑓௝ – is the forced frequency of the solenoidal excitation. 

The function signሺ𝑥ሶଵሻ determines the direction of the robot locomotion: forward if the robot 
speed is positive, and backward if the speed is negative. When the robot moves in the forward 
direction, the braking (self-locking) force is considered to be zero. Conversely, when the robot 
attempts to move backward, the braking (blocking) force is generated, equating to the sum of all 
active forces exerted on the robot’s wheeled chassis. 

Neglecting the power losses due to the damping and friction, and taking into account the ideal 
steady-state working regimes of the vibration exciter (operating at the constant forced frequency 𝜔௝ and unchanged amplitude value of the excitation force 𝐹௜), the approximate expression for 
determining the time dependence of the consumed power 𝑃 can be derived as follows: 𝑃௜௝ሺ𝑡ሻ = 𝐹௜௝ሺ𝑡ሻ ∙ ሺ𝑥ሶଶ − 𝑥ሶଵሻ = 𝐹௜ ∙ sin൫𝜔௝ ∙ 𝑡൯ ∙ ሺ𝑥ሶଶ − 𝑥ሶଵሻ. (5)

3. Results and discussion 

Let us employ the fifth-order Runge-Kutta methods integrated into Wolfram Mathematica 
software to solve the system of differential equations (1) and (2) that describes the robot’s 
locomotion behavior. The initial conditions are set to zero: 𝑥ଵ = 𝑥ଶ = 𝑥ሶଵ = 𝑥ሶଶ = 0. The basic 
design parameters of the vibration-driven robot are taken from its 3D model developed in the 
Dassault SolidWorks software (see Fig. 1): the robot’s body (frame) mass 𝑚ଵ is 1.54 kg, the 
internal (disturbing) body mass 𝑚ଶ is 0.12 kg, and the reduced stiffness of the self-locking 
mechanism’s spring system 𝑘ଵଶଷ is assumed to be approximately equal to 1800 N/m. The 
mentioned parameters allow for rough estimating the natural angular frequency of the robot’s 
mechanical oscillatory system: 

𝜔ଵ = ඨ𝑘ଵଶଷ𝑀௥ = ඨ𝑘ଵଶଷ ∙ ሺ𝑚ଵ + 𝑚ଶሻ𝑚ଵ ∙ 𝑚ଶ = ඨ1800 ∙ ሺ1.54 + 0.12ሻ1.54 ∙ 0.12 ≈ 127.16  sିଵ, (6)

where 𝑀௥ = ௠భ∙௠మ௠భା௠మ is the reduced mass of the robot’s mechanical oscillatory system. 
For performing further numerical modeling, let us consider the following forced frequencies 

and amplitude values of the periodical (sinusoidal) excitation forces: 𝑓ଵ = 10 Hz  
(𝜔ଵ = 62.83 s–1), 𝑓ଶ = 15 Hz (𝜔ଵ = 94.25 s–1), and 𝑓ଷ = 20 Hz (𝜔ଷ = 125.66 s–1), 𝐹ଵ = 10 N, 𝐹ଶ = 15 N, and 𝐹ଷ = 20 N. These values of the forced frequency allow for studying the far-before 
resonance and near-resonance working regimes of the robot’s mechanical oscillatory system. The 
corresponding results of numerical modeling performed in the Wolfram Mathematica software are 
shown in Fig. 3. The results are illustrated in the form of time dependencies of the robot’s frame 
displacement 𝑥ଵ(𝑡) and consumed power 𝑃௜௝(𝑡) under steady-state operational conditions. 

The robot’s locomotion is characterized by a periodic abrupt (stepwise) regime along a straight 
horizontal path. The wheeled vibration-driven robot travels distances of approximately 0.031 m, 
0.046 m, 0.061 m, 0.068 m, 0.101 m, 0.135 m, 0.121 m, 0.182 m, and 0.242 m in 1 second under 
the action of the corresponding excitation forces 𝐹ଵଵ(𝑡), 𝐹ଶଵ(𝑡), 𝐹ଷଵ(𝑡), 𝐹ଵଶ(𝑡), 𝐹ଶଶ(𝑡), 𝐹ଷଶ(𝑡), 𝐹ଵଷ(𝑡), 𝐹ଶଷ(𝑡), 𝐹ଷଷ(𝑡). This results in average translational speeds of about 0.031 m/s, 0.046 m/s, 
0.061 m/s, 0.068 m/s, 0.101 m/s, 0.135 m/s, 0.121 m/s, 0.182 m/s, and 0.242 m/s. The peak 
(amplitude) value of the consumed power of about 6 W is achieved at the forced frequency of 
20 Hz and the excitation force of the 20 N amplitude value. 
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Fig. 3. Robot’s locomotion characteristics at different excitation parameters 

Computer simulation of the locomotion conditions of the wheeled vibration-driven in-pipe 
robot was conducted using SolidWorks Motion software at the excitation force amplitude 𝐹ଶ = 20 N and disturbing frequency 𝑓ଶ = 20 Hz. The simulation window with the obtained results 
is shown in Fig. 4. Over a simulation period of 2 s, the robot’s position changed from –57 mm to 
412 mm, indicating that it traveled approximately 469 mm. This results in the robot’s average 
translational speed of around 235 mm/s. Due to the slippage processes in the braking (self-
blocking) mechanism, the robot periodically moved backward at a maximum speed of 
approximately 3…4 mm/s, while the amplitude value of its forward speed does not exceed 
489 mm/s. The lowest and highest acceleration values were –30457 mm/s² and 29405 mm/s². In 
general, the modeled character of the robot’s locomotion, as well as its basic kinematic 
characteristics, correspond to the other similar investigations presented in [27]-[29]. 

 
Fig. 4. SolidWorks motion software window with the simulation results of the robot’s locomotion 

4. Conclusions 

This paper explores an advanced wheeled vibration-driven locomotion system that features a 
solenoid-type (electromagnetic) exciter along with a spring-rod self-locking (blocking, braking) 
mechanism. This innovative robot is specifically designed for the purpose of conducting photo 
and video inspections of the internal surfaces of various pipelines and tubes. The study delves into 
the dynamics of the robot’s movement through mathematical modeling using Wolfram 
Mathematica software and computer simulations conducted with Dassault SolidWorks software. 

The research finds that the robot achieves its maximum average locomotion speed, which 
ranges between 0.235 to 0.245 m/s, when operating at a forced frequency of 20 Hz and an 
excitation force amplitude of 20 N. The chosen disturbance frequency is substantiated to provide 
the efficient near-resonance operation of the robot’s mechanical oscillatory system. These findings 
suggest practical applications in the design of new in-pipe robot prototypes, enhancing their 
control systems, and optimizing their operational parameters. 

Future research could focus on the development and experimental testing of a prototype based 
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on this design, which would validate the theoretical and simulation results. This next step would 
involve creating a tangible model to test the performance and efficiency of the proposed vibration-
driven locomotion system in real-world pipeline inspection scenarios. The insights gained from 
this research could significantly contribute to advancing the field of in-pipe robotics, improving 
inspection accuracy, and ensuring the reliability of pipeline infrastructure. 
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