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Abstract. Vibratory equipment is widely used for performing various finishing processes, 
machining and forcing of different parts and materials. Numerous researchers and technologists 
pay specific attention to the possibilities of implementing vibration-driven machinery for 
conducting the lapping and polishing operations on flat surfaces. The present paper is dedicated 
to studying the laps kinematic parameters of the vibratory finishing machine actuated by six 
electromagnets. The paper’s scientific novelty consists in the experimental verification of the 
previously modelled and simulated circular trajectories of the laps under different operational 
conditions. The methodology of research contains two basic stages: changing the excitation 
frequency at the constant traction force and changing the traction force at the constant excitation 
frequency. The improved 3D-design of the vibratory finishing machine was developed in the 
SolidWorks software. The experimental prototype was implemented in practice, and full-scale 
tests were carried out using the WitMotion sensors and software. Based on the obtained 
experimental data, the trajectories of the machine’s laps were constructed and analyzed in the 
MathCad software. The research results substantiate the possibilities of providing circular 
oscillations of the laps at different operational conditions. The results can be used by technologists 
and engineers while choosing the appropriate design and control parameters for similar vibratory 
equipment intended for lapping and polishing of flat surfaces. 
Keywords: vibratory technological equipment, finishing processes, lapping, polishing, kinematic 
parameters, operational conditions, excitation frequency, experimental prototype. 

1. Introduction 

Finishing treatment is one of the most important technological operations. It can be performed 
by numerous methods and with the help of various technological equipment. Specific attention is 
currently paid to the vibratory treatment [1]-[6], which can be implemented while conducting 
grinding, lapping, polishing, strengthening, hardening, compacting, drying, cooling, cleaning, 
stress relieving, cutting, and other operations. The characteristic feature of vibratory finishing 
equipment consists in utilizing the vibrations excited by a certain type of actuator for performing 
various treatment and processing tasks. 

Among a large number of finishing operations, the lapping and polishing ones are the most 
commonly used [7]-[12]. For example, the problems of practical implementation of the double-
sided polishing processes are thoroughly studied in [7]. The paper [8] considers the double-sided 
lapping processes performed with the help of the fixed diamond abrasive pad. In [9], the authors 
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investigated the influence of the carriers’ planetary motion parameters on the efficiency of the 
double-sided lapping of cylindrical surfaces of the bearing rollers. The model describing the wear 
processes affecting the lapping plates while implementing the planarization technologies is 
developed in [10]. The paper [11] defines the relationships between the lapping conditions and 
technological parameters of the surface being treated. In [12], the authors proposed a novel design 
of the planetary-type mechanism for conducting a single-sided lapping process. 

The present research continues the authors’ previous investigations published in [13]-[15]. The 
main idea of the improved design of the vibratory lapping-polishing machine consists in providing 
the circular oscillatory motion of the upper lap relative to the parts being treated. This allows for 
ensuring the uniformity of the relative velocities of any point of the lapping plate and improving 
the efficiency and accuracy of the lapping process. This paper is focused on the first stage of 
investigations dealing with the kinematic parameters of the lap, while further studies will be 
dedicated to substituting its technological efficiency. 

2. Research methodology 

2.1. 3D-design and experimental prototype of vibratory lapping machine 

The initial design of the vibratory lapping machine (Fig. 1(a, b)) has been proposed in [14]. 
The corresponding experimental prototype (Fig. 1(c, d)) has been manufactured in the 
Vibroengineering Laboratory of Lviv Polytechnic National University. 

 
a) General design 

 
b) Scheme of the electromagnets installation 

 
c) Experimental prototype 

 
d) Electromagnetic exciter 

Fig. 1. 3D-model and experimental prototype of the vibratory lapping machine  
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The vibratory lapping machine (Fig. 1) consists of the upper lap 1 whose bottom surface acts 
upon the parts’ upper surfaces being treated (polished, lapped). The parts are fixed in the carrier 6 
connected to the lower plate 2. The latter is suspended by the ropes 4 from the machine’s frame 
(body) 5. The actuating electromagnets (linear solenoids) 7 are installed on the lower plate 2 with 
the help of the bearing units 8. The latter allow electromagnets 7 to rotate in the horizontal plane. 
The retractable rods 9 of the electromagnets 7 are constrained by the springs 3 and are connected 
to the upper lap by the plain bearings 10. The electromagnets set the upper and the lower plate 
into the oscillatory motion. By applying the specific phase shifts and magnitudes of the voltage 
signals supplied to the electromagnets, it is expected to obtain the circular oscillatory motion of 
the upper lap relative to the parts being treated. 

2.2. Experimental technique and equipment 

The electromagnets (linear solenoids) of the vibratory lapping machine 1 are powered by the 
supply unit 2, which is plugged in at the socket 3 of the single-phase alternating current. The 
supplied voltage is 220 V. The power unit 2, based on the pulse-duration (pulse-width) 
modulators, transforms the sinusoidal voltage signal into the rectangular one characterized by the 
controllable voltage whose value manually changes from 0 to 12 V and frequency – in the range 
of 0…50 Hz. The control system allows for setting the necessary frequency using the keyboard 4, 
and the corresponding value is shown on the screen 5. The regulation of the voltage magnitude is 
manually performed with the help of the potentiometers (adjustable resistors) 6, and the 
corresponding voltmeters 7 show the voltage value supplied to a particular electromagnet. In order 
to study the kinematic characteristics of the vibratory finishing machine, the WitMotion 
accelerometer 8 is fixed on the upper lap. The experimental data is sent from the accelerometer to 
the laptop 9 with the installed WitMotion software. 

The retrieval rate of the accelerometer is equal to 200 Hz. This allows for measuring two 
components of the upper lap horizontal acceleration every 0.005 s. The registered data is 
interpolated using the built-in functions in the MathCad software. Then, the processed 
(interpolated) time dependencies of accelerations are numerically integrated with respect to time, 
and the plots of the lap speeds and displacements are obtained. Using the time dependencies of 
the lap displacements along two horizontal axes, the corresponding trajectories are plotted, and 
the possibilities of generating circular oscillations of the upper lap are considered. 

 
Fig. 2. Experimental equipment used for studying the dynamics of vibratory lapping machine 
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g) 
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Fig. 3. Accelerations (𝑎) and velocities (𝑣) of the upper lap under different operational conditions:  
a) 𝑓 = 13 Hz, 𝑈 = 14 V; b) 𝑓 = 13 Hz, 𝑈 = 12 V; c) 𝑓 = 13 Hz, 𝑈 = 10 V; d) 𝑓 = 13 Hz, 𝑈 = 8 V; 
e) 𝑓 = 17 Hz, 𝑈 = 14 V; f) 𝑓 = 17 Hz, 𝑈 = 12 V; g) 𝑓 = 17 Hz, 𝑈 = 10 V; h) 𝑓 = 17 Hz, 𝑈 = 8 V 

3. Results and discussion 

The experimental investigations were carried out at different values of the forced frequency 𝑓 
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and supplied voltage 𝑈. The obtained results are presented in Fig. 3. 
The obtained experimental data allows for concluding that the largest accelerations of the 

upper lap of over 10 m/s2 take place at the supplied voltage of 14 V (Fig. 3(a, e)). In these cases, 
the lap maximal speeds are in the range of 0.1…0.2 m/s. The smallest accelerations of about 3 m/s2 
are observed at the supplied voltage of 8 V (Fig. 3(d, h)). Herewith, the minimal speeds do not 
exceed 0.08 m/s. Comparing the experimental results obtained at the same supplied voltage and 
at different forced frequencies, it can be concluded that the increase in the forced frequency causes 
a decrease in the lap acceleration and speed. In turn, this will cause a decrease in the lap 
displacement. 

In particular, considering Fig. 3(b) and 3(f), the maximal acceleration and speed reach 
approximately 8 m/s2 and 0.22 m/s at the forced frequency of 13 Hz, whilst the maximal values 
for the frequency of 17 Hz do not exceed 7 m/s2 and 0.13 m/s, respectively. Similar conclusions 
can be made at other supplied voltages. In general, the lap motion is characterized by strict 
periodicity (repetition) and spacing at all the considered operational conditions. 

The lats stage of this research is focused on analyzing the lap trajectories. Using the time 
dependencies of the lap velocities under different operational conditions, the corresponding 
displacements have been obtained by numerical integration in the MathCad software. This allows 
for plotting the plane curves 𝑦ሺ𝑥ሻ describing the lap trajectories (Fig. 4). Analyzing the obtained 
results, it can be concluded that the lap performs circular oscillations under different operational 
conditions when all the magnets are powered by the voltage of the same magnitude and frequency. 
Herewith, it is necessary to mention that the phase shift of the voltage supply to the neighbouring 
electromagnets is equal to 𝜋/6 (60°). The larger amplitudes of the lap oscillations are observed at 
the larger supplied voltages. For example, at the forced frequency of 13 Hz, the maximal radius 
of the lap circular trajectory is about 2 mm at the voltage of 14 V, whilst the minimal radius of 
1.1 mm is observed at 8 V (see Fig. 4(a, d)). Considering the case of the same supplied voltage 
and different forced frequencies, it can be concluded that the increase in the forced frequency 
causes a decrease in the lap amplitude. For example, at the voltage of 14 V, the radius of the lap 
circular trajectory is about 2 mm at the forced frequency of 13 Hz, whilst the radius of 
approximately 1.2 mm is observed at 17 Hz (see Fig. 4(a, d)). 

 
a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

 
g) 

 
h) 

Fig. 4. Trajectories of the upper lap under different operational conditions:  
a) 𝑓 = 13 Hz, 𝑈 = 14 V; b) 𝑓 = 13 Hz, 𝑈 = 12 V; c) 𝑓 = 13 Hz, 𝑈 = 10 V; d) 𝑓 = 13 Hz, 𝑈 = 8 V; 
e) 𝑓 = 17 Hz, 𝑈 = 14 V; f) 𝑓 = 17 Hz, 𝑈 = 12 V; g) 𝑓 = 17 Hz, 𝑈 = 10 V; h) 𝑓 = 17 Hz, 𝑈 = 8 V 
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4. Conclusions 

The paper is dedicated to the experimental study of the kinematic characteristics of the novel 
vibratory finishing machine actuated by six electromagnets (linear solenoids). The machine has 
been designed and implemented in practice in the Vibroengineering Labotarory of Lviv 
Polytechnic National University. The experimental tests were performed at different forced 
frequencies (13 and 17 Hz) and supplied voltages (8, 10, 12, 14 V). Ensuring the phase shift of 
the voltage supply to the neighbouring electromagnets equal to 𝜋/6 (60°), the possibilities of 
providing circular oscillations of the lap were substantiated at different operational conditions. 
The largest accelerations, speeds, and displacements of the upper lap of over 10 m/s2, 0.2 m/s, and 
2 mm, respectively, take place at the supplied voltage of 14 V and forced frequency of 13 Hz. The 
obtained results and drawn conclusions can be used by technologists and engineers while choosing 
the appropriate design and control parameters for similar vibratory equipment intended for lapping 
and polishing of flat surfaces. 
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