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Summary. This report examines the effect of the mass of the transported material on the 
dynamics of vibration machines. It is demonstrated that the structure of the transported 
materials (bulk or homogeneous lump) has a significant impact on the stability of the vibration 
modes of vibration machines. Mathematical modeling has demonstrated that the elasticity of 
the transported materials significantly affects the dynamics of vibration displacements and can 
cause both an increase and a decrease in vibration displacements, potentially leading to the 
reverse process of material displacement, as confirmed by experimental studies. Mathematical 
modeling has shown that the frequency, magnitude of the vibration amplitude, angle of 
inclination of the working body, and nature of the transported material significantly affect the 
process of vibration transportation and the power consumption of the vibration machine. 

 
 
1. INTRODUCTION 
 

Vibratory transport is used to move bulk and lump materials, blanks and parts in horizontal, inclined 
and vertical directions over distances from 0.5 to 100 m (and sometimes more) at factories, plants, mills, 
construction sites, mines, quarries, etc., as well as for feeding spatially oriented blanks and parts into 
technological devices, including those located in automatic lines [1-4]. Vibration equipment is used in 
medicine as miniature dental drills, in various automatic lines for dosed and oriented feeding of 
materials, transportation, separation, compaction, pressing, crushing, screwing, loosening, as well as at 
mining enterprises and nuclear power plants as powerful vibration equipment, where human presence is 
undesirable. Most vibration equipment, including electromagnetic vibrators, is characterized by high 
reliability in operation and low maintenance capital costs due to the absence of rubbing surfaces.  
In addition, they are inexpensive to produce [1, 4]. 

Fig. 1 shows an electromagnetic vibration machine consisting of: 1 − active mass, 2 − reactive 
mass, 3 − working body (connected to the active mass), 4 − elastic system (connecting the active and 
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reactive masses), 5 − electromagnetic conductors (connected to both masses), and 6 − electric coils 
placed on magnetic circuits.  

Although vibration equipment is a simple machine in design, the mathematical description of its 
working process is very complex and requires full application of the theory of oscillations and dynamics 
[1, 4-14]. 

                            
 
Fig. 1. a) Vibratory transport machine, b) diagram of vibration machine: 1 − active mass (m1), 2 − reactive mass 

(m2), c − elastic elements, c1, c2 − elasticity of suspension systems 
 

The mathematical description of the technological loading process and its effect on the dynamic 
stability of a vibration machine’s operating modes is an extremely challenging problem. Until recently, 
theoretical studies that account for technological loads in the dynamics of vibration machines have been 
largely absent, with only a few notable exceptions in recent literature [15-18]. Much work remains to 
be done, particularly considering the cyclic and nonlinear nature of technological loads, which can be 
critical for the stability of oscillation modes and the effective implementation of technological processes 
[19, 20]. 

We have addressed several key challenges in developing mathematical models of electro-vibration 
machines, particularly those related to nonlinear elastic-friction and electromagnetic excitation systems. 
These results have been presented at various international conferences and published in multiple 
scientific journals [21–24]. The working element of a vibration machine designed for tasks such as 
metered feeding, mixing, separation, and transportation of components performs elliptical motion. In 
other words, it simultaneously executes both vertical and horizontal oscillations. 

It is also important to note that some scientific works present overly complex physical and 
mathematical models of vibration resistance and material processing in vibration systems, making 
practical calculations difficult [3, 8, 11]. The present work excludes secondary factors by adopting a 
simplified physical model. A mathematical model and corresponding simulator are developed based on 
engineering approximations and publicly available differential equations. 

 
 

2. INFLUENCE OF PHASE SHIFTS BETWEEN DISPLACEMENT, VELOCITY, AND 
ACCELERATION OF TRAY OSCILLATIONS ON THE MOVEMENT OF 
TRANSPORTED MATERIAL 

In the mathematical modeling of material vibration displacement, it is essential to account for the 
mutual 90° phase shifts between vibration displacement, velocity, and acceleration of the working body. 
These phase shifts play a critical role in the dynamics of vibration machines and in the process of 
material displacement under vibrational influence. 

The alternating force generated by the vibrational acceleration of the machine’s working body is 
shifted by 180° relative to the vibrational displacement. This force, together with the gravitational 
acceleration g of the mt material, creates a periodic cyclic increase and decrease of the mt pressure on 
the working body of the vibration machine. 

Experimental and theoretical studies have demonstrated that vibrational displacement strongly 
depends on the amplitude, velocity, and acceleration of the vibrating body (tray), as well as on the 
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frequency of its phase-contact interactions with the material mt. Therefore, it is important to examine 
this phenomenon in detail. 

Fig. 2a presents the amplitudes of vibration displacement, velocity, and acceleration of the working 
element obtained through mathematical modeling, considering the corresponding phase shifts. Fig. 2b 
shows the same parameters obtained experimentally.  

 

a)       b)  

Fig. 2. a) The vibration displacement (y), velocity (ẏ), and acceleration (ÿ) were determined analytically. 
b) These parameters were also measured experimentally. In both analytical and experimental results,  
the parameters exhibit a 90° phase shift relative to one another 

 
When the direction of the force caused by the vibration acceleration aligns with the direction of 

gravity (Periods I and II), the gravity force is subtracted from the vibration acceleration force. 
Conversely, in Periods III and IV, the vibration acceleration force adds to the gravity force. In other 
words, during Periods I and II, when 𝑦̈-g>0, the process mass dethatches from the tray, and when 𝑦̈-
g<0, the pressure of the materials on the tray decreases. In Periods III and IV, the pressure of materials 
on the tray increases. 

At the beginning of the first period, when the oscillatory motion of the tray y is minimal  
(i.e., y = 0) and the oscillation velocity 𝑦̇ is at its maximum, while 𝑦̈<g, the pressure of the material on 
the section ab decreases, and the material begins to slide along the tray. As the amplitude of the tray 
displacement y increases and the velocity of the tray 𝑦̇ decreases, the pressure of the material continues 
to reduce, facilitating further sliding along the tray.  

At low vibration amplitudes or frequencies (i.e., when 𝑦̈<g), the process mass mt remains in contact 
with the tray. However, when the vibration acceleration exceeds gravitational acceleration 𝑦̈>g, a micro-
throw of material mt occurs with an initial maximum vibration velocity 𝑦̇0. During the first period, the 
amplitude of the vibration displacements y increases, though its rate of increase in section (ab) 
diminishes. At the same time, the rate of increase of vibration acceleration 𝑦̈ (section ae), which acts in 
antiphase (180° shift), decreases. In the second period, both vibration displacement (section bc) and 
vibration acceleration (section ce) decrease, but the rate of the acceleration decrease is higher. It should 
be noted that, at small amplitudes in section bc, under the condition 𝑦̈>g, the vibrating tray leads the 
process mass mt, causing it to detach from the tray. This detachment ends when mt is reattached to the 
tray in section (df) (see Fig. 6a).   

If the initial velocity of mt at point (a) is sufficiently high (Fig. 2a), reattachment may not occur 
immediately in sections (ab or fh). Instead, it occurs in later sections, such as a-b, or f-h, or d-f, where 
the vibration velocity 𝑦̇ is low or approaches zero. Thus, the process mass mt, after being thrown with a 
high velocity from point (a or f), returns to the section (ab or cdf). In summary, the process mass mt 
consistently detaches from the vibrating tray when the displacement y is minimal (i.e., at point (a or f) 
at the end of section d-f).  
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3. DYNAMICS OF VERTICAL OSCILLATION OF MATERIALS 
 

Numerous theoretical and experimental studies have shown that the material velocity mt is 
significantly influenced by the vertical component of the vibration machine. Fig. 3 presents oscillograms 
of the vertical motion of a 1-kilogram steel part on a vibration machine operating at a frequency of  
50 Hz. Notably, this experimental oscillogram, which records the vertical movement of the material, 
was obtained for the first time using a digital electronic vibrometer and represents a novel contribution 
To minimize the influence of the sensor’s mass on the frequency, amplitude, and waveform of the 
material’s oscillations, the sensor was chosen to have a mass significantly smaller than that of the 
material. At large tray oscillation amplitudes (i.e., during most of the trajectory above the zero line in 
Fig. 3), the steel part (1) moves along the tray with intermittent detachment from it (2). At smaller 
amplitudes (when the contact pressure decreases), the steel part slides along the tray without separating. 
In the part of the trajectory below the zero line, the steel part is pressed against the tray with increased 
force and moves with it, experiencing minor jolts during lateral turns. 

 

 
Fig. 3. Vertical vibro-oscillograms: 1 - Steel part; 2 - Working body (tray) 
 

Fig. 4 illustrates the vertical oscillatory motion of the same 1-kg steel part placed on a rigid tray. 
The figure also includes an oscillogram where the steel part is placed on the tray through a soft, porous 
rubber base. 

 

 
Fig. 4. Vertical oscillograms: steel part on a rigid surface and on a rubber cushion 
 

These oscillograms (Figs. 3 and 4) demonstrate how the ratio of mass and elasticity affects the 
shape and frequency of the material’s oscillations, regardless of the tray’s own vibration characteristics. 

The oscillatory motion of an electromagnetic vibrator is described by the following differential 
equations [6, 17, 20]. 

𝑚𝑦̈ + 𝑛𝑦̇ + 𝑐𝑦 = 𝐹(𝑡) = 𝑘F!                                                                  (1) 
Ḟ+ 𝑏𝑐𝑜𝑠(w𝑡) − 𝑐"(d− 𝑦)F;     ,                                                              (2) 

where, m − Mass of the vibrator, c − Stiffness (spring constant) of the elastic elements, n − Damping 
coefficient (viscoelastic model), t − time, F- Magnetic flux, kF2 − Electromagnet excitation force,  
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w − Angular (circular) frequency of the exiter force, d − Air gap between magnetic cores, b and c0 − 
Proportionality coefficients; y, 𝑦̇, 𝑦̈ − Displacement, velocity, and acceleration of vertical oscillation. 

The vertical motion of the process mass, when separated from the active mass of the vibration 
machine [14], can be described by  

𝑦# = 𝑦̇"𝑡 − 𝑔𝑡!/2    ,                                                                     (3) 

where ym − Vertical displacement (trajectory) of the mass, y0 − Initial velocity, g − Aacceleration due 
to gravity. Air resistance is not taken into account in Equation (2). 

Fig. 5 is an oscillogram of vertical micro-throw movements of a lump part on a vibration machine 
vibrating at a frequency of 50 Hz, obtained using a simulator based on the differential equations (1)-(3). 
It should be noted that C++ Builder 6 was used for programming, mathematical modeling, and 
simulation. 

 

 
Fig. 5. Detaching and reattaching of material in the vertical direction, obtained by mathematical modeling at  

50 Hz 
 
The oscillogram shows that at low amplitudes, only pressure changes occur, (i.e., the material 

remains in contact with the tray (segment a–b)). As the oscillation amplitude increases, detachment and 
reattachment begin in each cycle (segment b–c, red), and with further amplitude increases, the 
separation-attachment cycle skips certain oscillation cycles of the tray (segments c–g, d–e). 

According to the oscillogram, the process mass detaches from the vibrator at the maximum 
amplitudes of phase I of the oscillations and returns to the oscillating tray during phases IV or I of the 
oscillations.  

Fig. 6 shows the same separation-attachment process at a lower frequency of 25 Hz. 

 

 
Fig. 6. Detachment and attachment dynamics at 25 Hz, based on mathematical modeling 

 
According to the vibration oscillograms, at small amplitudes in section (a–b), the technological 

mass oscillates without detaching from the tray. In this range, only the pressure of the transported 
material varies, leading to corresponding changes in the friction force. As the vibration amplitude 
increases in section (b–c), the technological mass detaches from the vibrating plate during period I and 
reattaches during period III. At relatively high amplitudes (within sections (b–c) and (c–d)), the mass mt 
detaches during the first period and reattaches in either the first or the fourth section. Notably, in these 
regions, the detachment and reattachment of the mass mt occur by jumping across several adjacent 
amplitude levels. This jumping behavior becomes more pronounced at a vibration frequency of 50 Hz. 

Furthermore, micro-throws of the process mass can be observed beginning near point (b). As the 
vibrating tray frequency (and thus the acceleration) increases, the amplitude values at which mass 
separation mt begins decrease. As a result, a greater number of adjacent oscillating amplitudes are 
surpassed. Notably, the vertical velocity of mt is largely unaffected by the magnitude of the friction 
force. 

To illustrate the influence of the process load on vibration dynamics, we first consider only vertical 
oscillations. The attachment and detachment of a large mass from the tray can be modeled as a periodic 
impulsive force, in accordance with the law of conservation of momentum. Fig. 7 presents simulations 
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of the oscillator’s response to a single impulsive force of N=1000 N⋅s, applied at various oscillation 
phases. 

 
 

 
Fig. 7. Impulse force applied at different phases on a tray vibrating at a frequency of 50 Hz 
 

In Fig. 7a, the amplitude of the oscillation increases due to the action of the impulsive force. In 
contrast, Fig. 7b shows a decrease in oscillation amplitude. Meanwhile, in Fig. 7c, the effect of the 
impulsive force is not observed. These oscillograms clearly demonstrate that the response of the 
oscillatory system is highly dependent on the phase at which the pulsed force is applied, a dependency 
that is particularly pronounced in the presence of lump (solid) material. 

This phase sensitivity becomes more pronounced in an elastic system tuned to a 25 Hz resonant 
mode, where the system stiffness is reduced by a factor of four. The excitation power for oscillations at 
25 Hz was reduced by a factor of 2.5 to maintain the same amplitude values as at 50 Hz (Fig. 8). 

In the 25 Hz resonant mode, single actions of the pulse force N=1000 N·s cause completely 
different dynamic processes, in contrast to the 50 Hz mode [21-24].  

 

 
Fig. 8. Impulse response at 25 Hz resonant mode with reduced stiffness 
 

Fig. 9 shows the jumping motion of a rigid body dropped from a height of 3 mm onto a static 
surface, showing different restitution coefficients (k=1, k=0.9, k=0.5). Fig. 10 shows the rebound delay 
due to elastic deformation at impact when the object drops on a soft rubber base with elasticity cx. 

 

  
Fig. 9. Jumping of a rigid body at various restitution 
coefficients 

Fig. 10. Delayed rebound of an elastic body on a soft 
base 

 
The oscillograms demonstrate that increased damping reduces both the frequency and amplitude of 

rebound of material. At a recovery coefficient of k=0.5, rebound virtually disappears. Therefore, for 
most materials subjected to vibrational displacement, subsequent multiple jumping events caused by 
material rebound can be neglected, as the recovery coefficient for most materials is typically below 0.3. 
Due to the cyclic changes in pressure on the tray during the detachment and reattachment of the material 
being moved, both the mass of the vibratory machine and its natural frequency vary. In some cases, this 
can lead to unstable resonant amplitudes. 

This instability is particularly evident in resonant machines operating at 25 Hz when transporting 
large, dense, lump materials (Fig. 11a). However, with bulk (granular) material of the same mass, this 
resonant instability is significantly reduced or even absent (Fig. 11b) [22, 24]. 
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Fig. 11. a − Resonant instability with lump material; b – Stable resonance with bulk material 
 

The above analysis highlights the importance of accounting for boundary conditions (based on  
Fig. 5), cyclic vibration displacement, velocity, and acceleration, as well as the physical and mechanical 
properties of the transported material and gravity, when creating a mathematical model or simulator for 
vibratory material transport. 
 
 
4. VIBROTRANSPORTATION OF MATERIALS 

 
In vibratory material transportation using a vibratory machine, the tray of the active mass  

(i.e., the working surface) is inclined at an angle of a=20° from the xa-xa direction of oscillation of the 
active and reactive masses (Fig. 1b). As a result, the working element performs an elliptical motion in 
space, performing both vertical y=xa×sina and horizontal x=xa×cosa displacements. These are due to a 
variable exiting force inclined at 20°. To describe the motion of the transported material in the x–y plane, 
it is necessary to account for vibrational displacements in both the x and y directions, as well as the 
acting vertical (gravitational) and horizontal (exiting) forces. 

At this stage, we consider a simplified system of differential equations describing the oscillations 
of an electromagnetic vibration machine, reduced to a single mass [24]: 

(𝑚 +𝑚$)𝑦̈ + 𝑛𝑦̇ + 𝑐𝑦 = 0.34𝑘F!;                                                              (4) 
(𝑚 +𝑚$)𝑥̈ + 𝑛"𝑥̇ + 𝑐𝑥 = 0.94𝑘F!;                                                             (5) 
ḟ+ 𝑏𝑐𝑜𝑠(w𝑡) − 𝑐"(d− 𝑥a)F;                                                                    (6) 
𝑦 = 𝑦" + 𝑦̇"𝑡 − 𝑔𝑡!/2.                                                                           (7) 

It should be noted that tilting the working element by 20° results in both vertical oscillations and 
partial rotational oscillations in the vertical plane (i.e., half-turning), which slightly alters the material’s 
velocity along the tray [4, 8, 20]. When transporting material in the horizontal direction, the sliding 
movement of the transported mass mt increases the dissipation coefficient n₀, as the sliding (useful work) 
introduces additional dissipative forces proportional to n₀𝑥̇. 

To transform differential equations (4) and (5) into a form suitable for numerical solution using the 
Runge–Kutta method, it is necessary to divide these equations by the mass m of the vibrator, taking into 
account the attachment and detachment periods of the technological mass mt. 

𝑦̈ + 2ℎ𝑦̇ + w!𝑦 = 0.34𝑃F!;                                                                       (8) 
𝑥̈ + 2ℎ"𝑥̇ + w!𝑥 = 0.94𝑃F!,                                                                      (9) 

When the mass mt is attached, the natural frequency of the machine is given by 
w! = 𝑐/(𝑚 +𝑚$)	and	the	power	factor	is	𝑃 = 𝑘/(𝑚 +𝑚$). When the mass mt is detached, the 
corresponding expressions become w! = 𝑐/𝑚 and 𝑃 = 𝑘/𝑚. It should be noted that the attachion and 
detachion of the mt to the working body also significantly affect the value of the damping coefficient 2h 
and 2h0. It should be noted that attaching or detaching the mass mt from the working body also has a 
significant effect on the values of the damping coefficients 2h and 2h0. 

Thus, the process of attaching and detaching the technological mass leads to a certain change in the 
mass and the resonant frequency of the vibrating machine, as described in the following works [6, 17–
20]. 

Studies show that the cyclic variation of mt leads to periodic changes of the reductive mass of the 
vibration system, imparting a soft nonlinearity to the system. A similar resonance shift is observed in 
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the system shown in Fig. 12 (obtained by direct frequency calculation), where two springs of different 
stiffness are applied to a mass m without rigid fixation [25]. The amplitude–frequency response (AFR) 
obtained by mathematical modeling for this system (depicted in Fig. 13) shows resonance at 34 Hz with 
the following system parameters: m=1 kg, c1=98596 N/m (50 Hz), and c2=24548 N/m (25 Hz). 
Mathematical modeling also reveals a superharmonic resonance at 66 Hz. 

Since w2=c/m, both stiffness c and mass m influence the resonance characteristics in opposite ways. 
Increasing c increases the resonant frequency, while increasing m decreases it. Both theoretical and 
experimental findings have validated this. 

 

                                
Fig. 12. An oscillating mass with loose elastic 
elements on the sides 

Fig. 13. AFR of cyclically changing stiffness 

 
Fig. 14 shows the frequency response of a lump material undergoing periodic attachment and 

detachment. This response is similar to the one shown in Fig. 13. Fig. 15 presents the frequency response 
for a loose material. In this case, since the separation and reattachment of bulk material occur gradually 
(i.e., depending on the vibration amplitude, unlike lump materials, which separate instantaneously), a 
weakly nonlinear frequency response is observed.  

 

                       
Fig. 14. AFR of cyclically detached/attached  
lump material 

Fig. 15. AFR of cyclically and gradually detached/attached 
loose material 

According to the oscillograms, adding 0.25 kg of process mass to a 1-kg machine with vibration 
amplitudes x<0.05 mm causes a resonant peak at 44 Hz, which gradually increases to 47 Hz with 
increasing amplitude. For lump material (Fig. 14), the resonance shifts almost abruptly from 45 Hz to 
47 Hz. For bulk material (Fig. 15), the shift occurs gradually due to partial, gradual separation. To 
effectively utilize resonance, vibratory machines are designed with an unloaded resonant frequency of 
approximately 53–55 Hz, which ensures a resonant frequency of 50 Hz under operating conditions, 
corresponding to the industry standard of 50 Hz.  

It is worth emphasizing that these AFRs under the influence of a cyclically changing mass were 
obtained through mathematical modeling for the first time; previously, such resonance shifts were 
determined only experimentally. Practically, the shift is approximated by adding 1/3 of the mass mt to 
the total system mass [4, 6]. 

The moving mass mt, located on the working element of the vibration machine, is subjected to a 
friction force Ft=fkmtg/s, where s is the contact area. In addition to the vertical force Fy=mt𝑦̈, the mass 
also experiences a horizontal force Fx=mt𝑥̈. The alternating vertical acceleration ±𝑦̈ changes the pressure 
of the moving mass of material on the tray in accordance with the phases of the vibration cycle.  
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While the acceleration 𝑥̈ remains less than the frictional acceleration 𝑓%(𝑔±𝑦̈/𝑠), the condition 
𝑥̈<𝑓%(𝑔 + 𝑦̈/𝑠) is satisfied. In this case, the mass mt oscillates without slipping, moving together with 
the vibrating tray. Once the condition 𝑥̈>𝑓%(𝑔 − 𝑦̈/𝑠) is met, the sliding of the material mt on the tray 
begins. At this point, the coefficient of static friction fk is transformed into the coefficient of sliding 
friction fs.  

Fig. 16 shows 1 – the vertical vibration displacement of the material mt; 2 – the vertical oscillation 
of the working body of the vibratory machine; 3 – the vertical vibration velocity of the material mt;  
4 – the horizontal vibration velocity of the material mt, shown at a reduced scale. 

 

 
Fig. 16. Vertical and horizontal vibration velocities of mt material 
 

According to oscillograms 3 (vertical) and 4 (horizontal), the process of increasing and decreasing 
pressure of the mass of material moving along the tray of the vibration machine (along with the 
coefficient of friction and the detaching-attaching phases) has a significant influence on the speed of the 
material’s vibratory movement [24]. 

Figs. 17a and 17b illustrate 1 – the vertical movement of the material mt; 2 – the movement of the 
vibrating machine’s tray; 3 and 4 – the horizontal vibratory motion of the material mt. The scale of 
vibratory movement of mt 4 in Fig. 17b is reduced compared to that of 3 in Fig. 17a. 

 

               
 
Fig. 17. Trajectory of horizontal movement of mt material 

An oscillogram of horizontal material vibration displacement, obtained using mathematical 
modeling, clearly demonstrates the influence of the vibrating machine tray vibrations and vertical micro-
throws of the material mt on the speed and shape of the displacement.  

Fig. 18 shows 1 − the trajectories of vertical (red) and 3 − horizontal movements of the material, 
which are caused by 2 − the oscillation amplitude of the tray, vibrating at a frequency of 50 Hz. The 
horizontal movement trajectory of the material mt along the working surface comprises a combination 
of sliding and flying phases, occurring sequentially during each vibration cycle. During the period 𝜏&, 
the pressure of the mass mt on the surface of the working body decreases, because of which the 
movement of mt along the tray occurs by sliding. During the period τ₁, the pressure of the material mt on 
the surface of the working body decreases, resulting in sliding movement along the tray. During τ₂, the 
pressure increases, and the material moves at the horizontal speed of the working element ẋ, with minor 
slippage. During τ₃, the material undergoes a flight phase. During τ₄, the material moves opposite to the 
tray’s motion. During τ₅, the flight phase concludes not at the peak of the adjacent oscillation cycle, but 



190        M. Chelidze, V. Zviadauri, T. Natriashvili, A. Didebulidze, G. Javakhishvili, T. Kuntchulia 
 
at that of the next cycle. During τ₆, the pressure between the material and the vibrator increases, and the 
movement occurs almost entirely at the horizontal speed of the vibrator.  

Fig. 19 shows the reverse displacement mt, obtained through mathematical modeling. Region ab 
corresponds to forward motion mt, region bc corresponds to sliding in place (without displacement), and 
region cd corresponds to backward motion. Mathematical modeling also showed that the additional soft 
elasticity of the mt material at certain resonant amplitudes and frequencies leads to its reverse motion, 
which is confirmed by experiments. The reverse motion of the transported material is caused by changes 
in the phases of detaching and attaching the mt to the vibrator, taking into account the elasticity of the 
attachment/detachment contact. Experimental and theoretical studies confirm that the speed of material 
desplacement mt is significantly influenced by the frequency and amplitude of tray oscillations [6, 18, 
20]. 

 

          

Fig. 18. Trajectory of vibration displacement of  
transported materials 

Fig. 19. Reverse displacement of mt on an 
oscillating tray with a frequency of 50 Hz 

 
The results obtained through mathematical modeling are in good agreement with experimental data 

(the error ranges from 5-10%). Horizontal vibratory displacement depends on the inclination angle α; 
specifically, greater vibration amplitudes require a smaller angle of inclination. The amplitude of 
vibratory displacement along the tray (x) primarily depends on the oscillation amplitude of the working 
element and averages around 90% of the horizontal component of that amplitude. Additional factors 
that significantly influence the magnitude of vibratory displacement include the coefficient of friction, 
cyclic material compression, and the phase of detachment–attachment, all of which are considered with 
respect to oscillation frequency. 

It is essential to consider air resistance when mathematically modeling very light, dry, granular, 
and free-flowing powder materials. When exposed to vibration, light granules tend to float and disperse 
in the air, a phenomenon confirmed by experimental observations. In contrast, wet but light, free-flowing 
powders adhere to the tray and remain stationary relative to it. Vibratory displacement of such light, dry 
powders can only be effective under vacuum conditions. 
 
 
5. CONCLUSIONS 

 
A simplified physical model of a vibrational machine was used as the basis for developing  

a mathematical model and simulator described by differential equations commonly applied in 
engineering calculations.  

Based on experimental and theoretical studies, a mathematical model describing the vibrational 
motion of materials was developed, and a corresponding mathematical simulator was created. Numerous 
computational experiments were conducted using this simulator. The results indicate that the elasticity 
of both the transported material and the working element (tray) has a significant impact on the stability 
of the vibration machines and the vibrational movement of the materials. 

The results show that the elasticity of both the material to be moved and the working element (tray) 
significantly affects the stability of vibrating machines and the vibratory movement of materials. Given 
the complexity of vibrational displacement, mathematical modeling was performed in the vertical 
direction to clearly represent the influence of individual impulse forces (particularly those acting 
vertically) on the dynamics of the vibration machine, accounting for elastic-viscous effects. 
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Simulations further revealed that applying elastic or impulse forces generated at the moment the 
process load to the vibrator mass significantly impacts both the stability of the dynamic operating modes 
of the vibrator and the speed of material transport. 

A comprehensive analysis of the phase shift parameters of vibration displacement, velocity, and 
acceleration of the working element is conducted. These parameters are essential for an accurate 
mathematical description of the material displacement process. 

For the first time, the combined influence of the material detachment and attachment phases, along 
with the chute’s oscillation phases, on machine dynamics and the material movement process was 
analyzed. The analysis considered oscillation frequency, contact elasticity, and amplitude. The study 
established that these parameters (and their ratios) play a significant role in determining the speed of 
material movement. 

The study also reveals that the elasticity of the material and the working element, along with the 
coefficient of friction and the amplitude and frequency of oscillation, significantly influence the speed 
of material movement, which occurs through sliding and micro-throwing.  

The results obtained from the simulator were compared with both the experimental results from 
this study and previous experiments (including those found in the scientific literature). This comparison 
confirms that the simulation results are in full agreement with experimental studies. 

The obtained results were compared with the results obtained from experimental studies conducted 
in the course of the current work, as well as with the results of experiments we conducted in the early 
period and known from the scientific literature, on the basis of which it can be said that the results 
obtained with the help of the simulator fully correspond to the results obtained as a result of experimental 
studies.  
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