Dynamics of a wheeled robot driven by an unbalanced
rotor and equipped with the overrunning clutches

Vitaliy Korendiy', Oleksandr Kachur?, Volodymyr Gurey?’, Igor Kuzio*, Tetyana Hurey®,
Oleksandr Havrylchenko®

12,34, 6Department of Robotics and Integrated Mechanical Engineering Technologies, Lviv Polytechnic
National University, Lviv, Ukraine

SDepartment of Transport Technologies, Lviv Polytechnic National University, Lviv, Ukraine
!Corresponding author

E-mail: 'vitaliy.nulp@gmail.com, *oleksandr.y.kachur@lpnu.ua, *vgurey@gmail.com,
4ihor.v.kuzo@lpnu.ua, Stetiana.a. hurei@lpnu.ua, °gavr40644@gmail.com

Received 1 December 2022; received in revised form 19 December 2022; accepted 29 December 2022 W) Check for updates
DOI https.//doi.org/10.21595/vp.2022.23103

62nd International Conference on Vibroengineering in Almaty, Kazakhstan, February 10-11, 2023

Copyright © 2023 Vitaliy Korendiy, et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract. Vibration-driven locomotion principles are currently of significant interest among
designers and researchers dealing with mobile robotics. Among a great variety of robots chasses,
the wheeled ones are the most commonly used. The major purpose of this study consists in
defining the dynamic characteristics of the wheeled vibration-driven robot equipped with the
centrifugal (inertial) vibration exciter (unbalanced rotor) and overrunning clutches ensuring the
robot’s wheels rotation in one direction. The research methodology is divided into three basic
stages: developing the robot’s dynamic diagram and deriving the motion equations followed by
numerical modeling in the Mathematica software; designing the 3D-model and simulating the
robot motion in the SolidWorks software; creating the experimental prototype and conducting the
full-scale tests. The obtained results show the time dependencies of the robot’s body acceleration,
speed, and displacement at certain operational conditions. The main scientific novelty of the paper
resides in substantiating the relationships between the robot’s design parameters and its dynamic
characteristics under different operational conditions. The performed investigations can be useful
for researchers and designers dealing with vibration-driven robots, capsule-type locomotion
systems, pipelines inspecting vehicles, etc.

Keywords: vibration-driven locomotion, mobile robotics, wheeled chassis, dynamic
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1. Introduction

Mobile robotics is a relatively young branch of scientific research. In most cases, mobile robots
and other vehicles use wheeled or tracked (caterpillar) chasses with an active transmission
connecting the motor (or engine) with the corresponding actuators (wheels, tracks, etc.). In
distinction to the classical vehicles’ designs, mobile robots are sometimes equipped with
vibration-driven locomotion systems. One of the most widespread locomotion principles is based
on the anisotropic friction conditions occurring when two bodies are in contact and move relative
to one another. This phenomenon is comprehensively studied in numerous publications,
particularly in [1, 2], which are dedicated to theoretical and experimental research on the mobile
robot’s dynamic behavior under friction-induced stick-slip locomotion conditions. In [3], the
authors studied the influence of the excitation conditions frequency and duration of the
pulse-width signal) on the average translational speed of the vibration-driven capsule-type robot.
The bifurcation analysis of the stick-clip locomotion of a similar vibration-driven system is studied
in [4], taking into account different dry friction conditions. In [5, 6], the authors considered the
possibilities of optimizing the control algorithms of the vibration-driven robots in order to
maximize their translational speed and minimize power consumption. The papers [7, 8] are
devoted to improving the locomotion systems of the vibration-driven capsule-type robots and to
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investigating the friction influence on the robot’s oscillatory system dynamic response.

The initial idea of this paper is based on the investigations presented in [9, 10, 11], in which
an interesting design of the wheeled robot driven by the centrifugal vibration exciter was proposed.
This design idea acquired further development in the papers [12, 13, 14], where the improved
crank-type exciter was implemented in the robot’s drive in order to provide efficient vibro-impact
locomotion conditions. The possibilities of equipping the in-pipe vibration-driven robot with the
centrifugal (inertial) exciter (unbalanced rotor) are thoroughly studied in [15, 16]. The major
purpose of this study consists in defining the dynamic characteristics of the wheeled robot
equipped with the centrifugal vibration exciter (unbalanced rotor) and overrunning clutches
ensuring the robot’s wheels rotation in one direction.

2. Research methodology
2.1. 3D-model of vibratory conveyor

The proposed design of the wheeled vibration-driven robot is shown in Fig. 1. The robot
consists of four rubber wheels 1 which are in contact with the horizontal supporting surface. The
front and rear wheels 1 are installed on the corresponding axes 2 with the help of the overrunning
(free-wheel) clutches 3 using the bushings (bosses) 4. The clutches 3 allow the unidirectional
(single-way) rotation of the wheels 1. Additionally, the ball bearings 5 are used to join the wheels
1 with the axes 2 and to hold the extra loading. In order to eliminate the wheels sliding along the
axes 2, the clamps 6 are used. The axes 2 are fixed to the angles 8 of the robot’s body with the
help of the clamps 7. The DC electric motor 9 with the unbalanced rotor 10 is installed in the
housing 11, which is fixed to the angles 8. The centrifugal forces generated due to the unbalanced
masses rotation act through the motor 9 upon the housing 11 and cause the pushing effect on the
robot’s body. When the line of action of the centrifugal forces coincides with the direction, along
which the clutches 3 allow the robot to move, the wheels 1 start rotating. On the other hand, when
the centrifugal forces are characterized by the opposite direction, the clutches 3 block (restrain)
the wheels 1, and the robot remains at rest.

Fig. 1. General design of the wheeled vibration-driven robot

2.2. Dynamic diagram of the robot and differential equation of its locomotion

The simplified dynamic diagram of the robot’s mechanical system is presented in Fig. 2. The
robot of the mass m, moves along a straight horizontal surface due to the action of centrifugal
forces generated by the mass m, rotating around the hinge A at the constant angular speed w. The
inertial coordinate system xOy is related with the unmovable surface. The generalized coordinate
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x, is adopted for describing the robot’s horizontal displacement. The wheels are connected to the
robot’s body with the help of the overrunning (free-wheel) clutches being engaged in one direction
and free in the other. Therefore, the wheels are allowed to rotate in a clockwise direction, and the
robot can move to the right. The leftward motion of the robot is not possible because the wheels
become blocked (restrained) by the overrunning clutches. Let us assume that the contact between
the wheels and the surface is ideal, i.e., there is no rolling friction for the clockwise rotation of the
wheels, while the counterclockwise rotation is restricted. Herewith, the sliding friction coefficient
is equal to ff,. Any energy losses and viscous friction effects are also assumed to be negligibly
small.

YA

0] /X

Fig. 2. Dynamic diagram of the robot’s mechanical system

The differential equation describing the robot locomotion conditions can be derived using
D’Alembert’s principle:

(my +my)¥,(t) = myrw? cos(wt) — Fp, (1)

where 7 is the length of the eccentric rod AB (see Fig. 2); Fy, is the sliding friction force that can
be determined by the following formula:

0, X, >0,
Fpp = myrw? cos(wt) — Fyp, %, <0, myrw? cos(wt) > Fyy, 2)
myrw? cos(wt), %, <0, myrw?cos(wt) < Fpy.

Considering the case of non-detachable (non-jumping) motion conditions, the total normal
force N exerted by the robot’s wheels upon the supporting surface is considered to be larger than
zero at any time moment. In such a case, the magnitude of the force N can be calculated as:

N = (m; + my)g — myrw? sin(wt). 3)

Substituting formulas Egs. (3) and (2) into Eq. (1), the simplified mathematical model
describing the robot locomotion can be derived.

2.3. Experimental technique and equipment

The experimental prototype of the wheeled vibration-driven robot has been implemented in
practice at the Vibroengineering Laboratory of Lviv Polytechnic National University. It totally
corresponds to the 3D-model designed in the SolidWorks software and described above (see
Fig. 1). The general photo of all the equipment used for conducting the experimental studies on
the robot locomotion conditions is presented in Fig. 3. In order to register the data obtained from
the acceleration sensor 3 (WitMotion WT901CL), the corresponding WitMotion software has
been installed on the laptop 1. The accelerometer uses the USB Type-C connection interface and
allows for registering the robot’s acceleration at the retrieval rate of 200 measurements per second
and the baud rate of 115200. The robot 2 moves along the flat horizontal surface 5 due to the
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application of the periodic disturbing force generated by the inertial exciter (unbalanced rotor).
The forced frequency (the angular speed of the rotor) is changed by means of regulating the
voltage supplied to the DC motor that actuates the unbalanced rotor. In this case, the controllable
voltage adapter 4 (ZY-009) has been used to change the voltage from 0 V to 24 V and to regulate
the robot’s translational speed. The corresponding relationships allowing for determining the
forced frequency (the unbalanced rotor angular speed) at the given voltage value have been
established by performing numerous starts of the DC electric motor.

JDATERPOWER  vovrace AR

REGULATED  cyune (f
MODELZY-008

Fig. 3. Experimental prototype of the wheeled vibration-driven robot
3. Results and discussion
3.1. Numerical modeling of the robot locomotion in the Mathematica software

Let us perform the robot locomotion numerical modeling in the Mathematica software using
the integrated Runge-Kutta methods. The following input parameters have been adopted:
my; =1.05kg, m, =0.1kg, r =0.028 m, w =89 rad/s (850 rpm), fr =0.7. The obtained
results are shown in Fig. 4 in the form of time response curves and time dependencies of the
robot’s speed and acceleration. The numerical modeling showed that the robot passed a distance
of about 0.02 m during two cycles of its stepwise locomotion, i.e., during 0.15 s. The speed varies
in the range of 0...0.26 m/s, while its average value equals 0.13 m/s. The acceleration changes
from —4 m/s? to 4 m/s?. It is observed that the robot’s speed does not take negative values.

0.020 4
0.25 V,, m/s a, m/s’
0.015 0.20 2
0.15 0
0.010 0.10
0.005 0.05 -2
g 0.00 4
0.050.100.150.200.25 4, S 0.050.100.150.200.25 4, s 0.05 0.10 0.15 0.20 0.25 4, S
a) Displacement b) Speed ¢) Acceleration

Fig. 4. Numerically modeled kinematic characteristics of the robot locomotion
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3.2. Simulation of the robot motion in the SolidWorks software

The robot’s simulation model is presented in Fig. 5. The geometrical and inertial
characteristics and the operational parameters are similar to those adopted earlier. The robot can
move to the right, while its leftward motion is functionally restricted. The unbalanced rotor rotates
at the forced frequency of 850 rpm in the clockwise direction. During the time interval of 0.3 s,
the robot’s body has passed a distance of about 40 mm. This fact allows for concluding that its
average speed exceeds 130 mm/s. The maximal and minimal values of the robot’s translational
speed are equal to 90 mm/s and 175 mm/s, respectively. The acceleration of the robot’s body
changes in the range of —3643...3643 mm/s?. The simulation results satisfactorily agree with the
ones obtained during the numerical modeling in the Mathematica software.
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Fig. 5. Simulation model and results obtained in the SolidWorks software
3.3. Results of experimental investigations

The following forced frequencies have been accepted to perform experimental studies: 48 rad/s
(460 rpm), 73 rad/s (700 rpm), 103 rad/s (980 rpm), 167 rad/s (1600 rpm). The experimental
results showing the time dependences of the robot’s body accelerations at different forced
frequencies are presented in Fig. 6(a). The curves 1, 2, 3, 4 present the data obtained from the
accelerometer and registered in the WitMotion software. The curves 5, 6, 7, 8 correspond to the
previous four ones and show the experimental data that have been numerically interpolated in the
MathCad software. The larger values of accelerations of about 16...20 m/s? are obtained at the
largest forced frequency of 167 rad/s (1600 rpm) (curves 4 and 8). The smallest values that do not
exceed 1...1.5 m/s? correspond to the smallest forced frequency of 48 rad/s (460 rpm) (curves 1
and 5). Numerical interpolation and integration of the experimental data were performed in the
MathCad software. This allowed for obtaining the time dependencies of the robot speed and
displacement presented in Fig. 6(b-c). The largest speed of about 0.2...0.25 m/s is observed at the
forced frequency of 167 rad/s (1600 rpm) (curve 4). The lowest speed does not exceed 0.02 m/s
at w = 48 rad/s (460 rpm) (curve 1). Considering the time interval of 20...20.3 s, when the robot
reached the steady-state locomotion conditions, it passed the distance of about 0.038 m at the
largest forced frequency and the distance of 0.003 m at the smallest one. Therefore, based on the
experimental investigations, the robot’s average speed varies in the range of 0.01...0.127 m/s.
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Fig. 6. Results of the experimental studies

4. Conclusions
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The presented research is devoted to investigating the dynamic behavior and kinematic
characteristics of the vibration-driven robot equipped with the inertial (centrifugal) exciter and
unidirectionally rotating wheels. The results of numerical modeling, computer simulation, and
experimental investigations showed that the robot’s average locomotion speed is about 130 mm/s
at the forced frequency of 89 rad/s (850 rpm). The robot’s body acceleration changes within
—4...4 m/s?. The performed studies can be useful for researchers and designers dealing with
vibration-driven robots, capsule-type systems, pipelines inspecting vehicles, etc. The prospects of
further research consist in substantiating the robot’s inertial and excitation parameters to maximize

its translational speed and minimize the consumed power.
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