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1. Introduction 

The trend toward miniaturisation of mass-pro-

duced products motivates the development of microtechnol-

ogies and related science fields. Many methods for micro-

part conveying are being developed, researched, and applied 

in practice. Microparts can be directionally displaced by 

various means ranging from acoustic methods suited for ma-

nipulations of large clusters of microparticles to single pick 

and place operations. 

Near-field acoustic manipulation suitable to oper-

ate with micro and nanoparticles in a confined evanescent 

Bessel beam was proposed by Gires and Poulain [1]. Xu et 

al. [2] analysed acoustic manipulation of microparticles in a 

cylindrical cavity using the acoustic radiation force. Ostase-

vicius et al. [3] applied an acoustic field for separation and 

purification of a large volume of microparticles dispersed in 

a biological suspension poured into a conical fluid con-

tainer. Due to the acoustic excitation, the suspension was 

pushed upwards and the microparticles accumulated in the 

nodal zones of the resonating container walls by purifying 

the suspension that accumulates in the anti-nodal zones. 

Kashima et al. [4] analysed two-dimensional conveying of 

microparts in air using flexural vibration of a plate with four 

ultrasonic transducers and a reflector. When a part is con-

siderably smaller than the wavelength of the acoustic stand-

ing wave in air, the part is trapped along the horizontal nodal 

planes. They showed that, the flexural standing wave on the 

plate can be displaced by controlling the phase difference of 

the two pairs of the transducers, meanwhile the acoustic 

standing wave position in air can be shifted in the same di-

rection. This technique allows the trapped microparts to be 

conveyed. 

Xiao et al. [5] investigated a large stroke manipu-

lator for micro/nano manipulation on a plane. By using two 

electromagnetic actuators for each axis, the micromanipula-

tor operated in planar spiral and quadrant motions. A spatial 

flexible device for micropart translation based on flexure 

hinges, which can perform the translational motion along 

the Z axis as well as rotations around X and Y axes was de-

veloped by Zhao et al. [6]. Lienemann et al. [7] analysed 

conveying realised through a micro fluidic wetting-based 

approach by applying the many-body dissipative particle 

dynamics method. A programmable platform with conduc-

tive electrodes was used by Kritikou et al. [8] for the dis-

placement of microparts influenced by electrostatic forces. 

Yuan et al. [9] formulated nonprehensile manipulation plan-

ning as a reinforcement learning problem using a trained 

deep Q-network to generate actions based on the learned 

policy. In comparison to a human subject, they concluded 

that the network has achieved comparable performance to 

the human. They also qualitatively showed that the network 

is reactive and adaptive to uncertainties, such as the sudden 

changes of objects and target positions, low-friction coeffi-

cients and distraction objects. Ta and Cheah [10] proposed 

the first stochastic control technique for the purpose of the 

simultaneous orientation and transportation of micro-ob-

jects with Brownian perturbations. The micro-particles were 

utilized as fingertips to first grasp a target micro-object, and 

they were optically trapped and driven by laser beams [10]. 

Piatkowski et al. [11] analysed the angular positioning pro-

cess of cuboidal objects with the use the system of two 

oblique friction forces fields created by conveyor belts. 

Chen et al. studied [12] the mechanism of particle direc-

tional conveyance in a trough with finlike asperities under 

longitudinal vibrations by applying numerical simulations 

based on the discrete element method. They determined that 

the asymmetric force induced by the finlike asperities and 

its cumulative effect over time influenced the particle direc-

tional conveyance. Rizwan and Shiakolas [13-15] devel-

oped a conveyor for microparts based on controlled defor-

mation of a flexible continuous surface. The sensitivity of 

micropart motion and micropositioning as a function of mi-

cropart and surface material properties and input actuator 

properties were studied. They highlighted that the motion of 

the micropart depends on the relative surface roughness, 

surface deformation profile, the dynamic compression of as-

perities and their effect on the dynamic friction coefficient 

based on extending Kogut-Etsion friction model through a 

quasi-dynamic coefficient of friction estimation [14]. Lang-

ford et al. [16] investigated the effect of two-dimensional 

friction anisotropy of micro pillared surfaces on the convey-

ing parameters of microparts. The system for conveying mi-

croparts was composed of surface of oriented micro-pillars 

inspired by natural cilia structures along with a vertical vi-

bration source. It was confirmed that the velocity of the mi-

cropart was directly proportional to both the frequency and 

the amplitude of the vibratory excitation [16].  

A nonprehensile manipulation technique was pro-

posed where the required dynamic directionality was 

achieved via a system asymmetry that was induced by peri-

odic alteration of the effective coefficient of dry friction be-

tween the part and the manipulation platform in [17-19]. 

This paper analyses the conveying process of min-

iature and microparts on a manipulation platform subjected 

to sinusoidal displacement cycles in the horizontal direction 
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when the coefficient of dry friction between the part and the 

platform is controlled. Technically, the coefficient of dry 

friction can be altered dynamically by utilising high fre-

quency vibrations [20-25]. The aim of the analysis is to de-

termine the influence of frictional properties, friction con-

trol and sinusoidal excitation parameters on the characteris-

tics of the conveying process. 

2. Modelling of conveying with dry friction control 

2.1. Dynamics of conveying with dry friction control 

The dynamic model of part conveying with dry 

friction control in respect of sinusoidal displacement cycles 

is shown in Fig. 1. 

 

Fig. 1 The dynamic model of part conveying with dry fric-

tion control in respect of sinusoidal displacement cy-

cles: 1 – platform with a possibility to control dry 

friction; 2 – part for conveyance 

The conveying system consists of a horizontal plat-

form excited by sinusoidal displacement cycles: 

( ) ,t Asin t =  (1) 

where: t is time; A is the amplitude of displacement; ω is the 

angular frequency. 

The equation of the relative part motion on the plat-

form is as follows: 

2  0,frmx mA sin t F − + =  (2) 

where: m is the mass of the micropart; Ffr is the dry friction 

force. Applying the Dahl dynamic friction model [26, 27], 

the dry friction force can be expressed using the following 

equations: 

( )

0

0

,

1 ( ) ,

frF z

z zsgn x x
mg





 

=


 
= −   

 

 (3) 

where:  = t, σ0 is the stiffness of contact surface asperi-

ties; z is the state variable interpreted as elastic displacement 

of the asperities; () is the effective dry friction coefficient, 

which is not constant. With respect of sinusoidal displace-

ment cycles, the dry friction is controlled in the manner pre-

sented in Fig. 2. In each of the period of the sinusoidal exci-

tation, the dry friction is being reduced to the 2 value at a 

phase angle of 1, and, at a phase angle of 2, it is being 

changed back to its nominal value 1 (Fig. 2). Therefore, in 

each period of the sinusoidal excitation, the dry friction co-

efficient is reduced for a fraction, which is expressed as 

 = 2 – 1. The parameter φ shown in Fig. 2 is the phase 

shift between the function of the effective dry friction coef-

ficient () and the sinusoidal displacement cycles ( )  . 

 

Fig. 2 Dry friction control in respect of the sinusoidal dis-

placement period 

Such a way of dry friction control eliminates the 

symmetry of the mechanical system. Due to this, a direc-

tional motion of the micropart is achieved since net fric-

tional forces are created in each sinusoidal displacement cy-

cle of the platform. The performance of the conveying pro-

cess depends on how high the asymmetry is. 

In order to analyse the influence of various sys-

tem's parameters on the characteristics of the conveying pro-

cess, a modelling of conveying was carried out. The ode15s 

solver for stiff differential equations was applied in 

MATLAB to solve the equation of the relative part motion 

numerically. 

The following values were used for the modelling 

of the micropart conveying process: A = 1.6 mm, 

ω = 125.7 rad/s m = 2.4‧10-5 kg,  = π/2,  = π, µ1 = 0.1, 

µ1/µ2 = 8. σ0 = 105 N/m. The value of σ0 was selected based 

on the value reported in published research articles [28-30]. 

2.2. Modelling results 

The modelling of the conveying process with con-

trolled dry friction clearly demonstrated that the direction of 

conveying can be easily controlled by changing the phase 

shift between the function of the effective dry friction coef-

ficient and the horizontal sinusoidal displacement cycles. 

Fig. 3, a demonstrates the influence of the phase shift   be-

tween the function of the effective dry friction coefficient 

and the horizontal sinusoidal cycles on the average stable 

conveying velocity v. Under the investigated parameters, the 

highest values of the average stable conveying velocity were 

observed at phase shift values around π/4. The conveying 

direction is reversed when the phase shift is in a range ap-

proximately from 5π/6 to 7π/6. Under higher values of , 

higher values of  are needed to reverse the direction of con-

veying. 

The conveying velocity can be easily controlled in 

a wide range by changing . Fig. 3, b shows the influence 

of  on the average stable conveying velocity. As  in-

creases, v increases until, at some point, it reaches the max-

imum value and starts to decrease. This point depends on 

  At  = 2π/9  the maximum value of v is obtained when 

the value of  is around 3π/2. At  = 4π/9, the maximum is 

obtained when  is around 10π/9, while at  = 2π/3, the 

maximum is obtained when  is close to 8π/9. 
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The influence of frictional properties was deter-

mined using the developed mathematical model. The mod-

elling showed that the average conveying velocity tends to 

decrease as the nominal dry friction coefficient increases 

(Fig. 3, c). It was also demonstrated that the average con-

veying velocity increases with an increase in the ratio of 

friction reduction µ1/µ2 (Fig. 3, d). 

The modelling demonstrated that the mass of the 

micropart m does not have a significant influence on the av-

erage conveying velocity in a range of m up to approxi-

mately 10-3 kg (Fig. 3, e). In a range of m values that were 

higher than 10-3 kg, a more significant influence of m on v 

was observed. In this range, the average conveying velocity 

increases with an increase in the mass of the micropart to be 

conveyed (Fig. 3, e).

  

a b 

  

c d 

 

e 

Fig. 3 Average stable conveying velocity depending on: a) the phase shift; b)  ; c) the nominal dry friction coefficient; d) 

the ratio of friction reduction; e) the mass of the micropart to be conveyed 

The capability to control the conveying velocity 

and the motion direction is clearly seen from the three-di-

mensional representation of the average stable conveying 

velocity v as a function of  and  (Fig. 4, a). The three-

dimensional representation of the average stable conveying 

velocity as a function of the nominal friction coefficient and 

the effective friction coefficient reduction is shown in 

Fig. 4, b. It shows how the average conveying velocity de-

creases when the nominal friction coefficient increases and 

the ratio µ1/µ2 decreases. Fig. 4, c shows the three-dimen-

sional representation of the average stable conveying veloc-

ity as a function of the nominal friction coefficient and the 

frequency of the sinusoidal excitation. It suggests that under 

lower values of sinusoidal amplitude A, the average convey-

ing velocity is influenced more significantly by the nominal 

friction coefficient (Fig. 4, c). It is obvious that higher val-

ues of the amplitude (Fig. 4, c) and frequency (Fig. 4, d) of 

the sinusoidal excitation result in higher values of the aver-

age stable conveying velocity. 
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Fig. 4 Three-dimensional representation of the average stable conveying velocity as a function of: a) the phase shift and ; 

b) the nominal dry friction coefficient and the ratio of friction reduction; c) the nominal dry friction coefficient and 

the amplitude of sinusoidal displacement cycles; d) the angular frequency of sinusoidal displacement cycles and the 

ratio of friction reduction

3. Experimental analysis 

3.1. Methodology 

An experimental analysis was carried out to test the 

theoretical observations in practice. High frequency vibra-

tory excitation was considered as a measure to control the 

dry friction dynamically. 

The scheme of the experimental setup for the anal-

ysis of micropart conveying with controlled dry friction is 

presented in Fig. 5. The platform base 9 is subjected to si-

nusoidal displacement cycles by employing an electrody-

namic shaker 1. A piezoelectric actuator 10 is mounted on 

the platform base and it generates high-frequency vibrations 

to control the effective friction coefficient between the mi-

cropart 8 and the platform for conveying 11. The signals of 

sinusoidal displacement cycles and high-frequency excita-

tion for the piezoelectric actuator are generated by a RIGOL 

DG4202 arbitrary waveform generator 4. 

The signal for the piezoelectric actuator is com-

posed of high frequency pulses in burst mode. This signal is 

synchronised in accordance with the period of sinusoidal 

displacement cycles. Similar like it is shown in Fig. 2, high 

frequency pulses are activated at the instant of time 1 in re-

spect of the period of the sinusoidal displacement cycles, 

and, at the instant of time 2, high frequency pulses are de-

activated. In this way, the piezoelectric actuator is active for 

a fraction equal to  in each period of the sinusoidal dis-

placement cycles of the platform with a phase shift of φ.  

The signal of sinusoidal displacement cycles is am-

plified by an AMC iA4X125 amplifier 2, while the signal of 

high-frequency excitation for the piezoelectric actuator is 

amplified by an EPA-104 piezo linear amplifier 3. The vi-

brational response of the system is monitored by vibration 

sensors 6 and 7. All these signals from the sensors and the 

generator are monitored by a RIGOL DS1054 digital oscil-

loscope 5.  

General multilayer ceramic capacitors (MLCC) 

were chosen as microparts for conveying since they are 

widely used in microelectronics. The experimental setup 

was tested using 0402 (1.0×0.5×0.5 mm), 0805 

(2.0×1.25×0.85 mm) and 1206 (3.2×1.6×0.85 mm) type 

MLCC capacitors (Samsung) (Fig. 6). 
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Fig. 5 Scheme of experimental setup: 1 – electrodynamic 

shaker; 2 – low-frequency vibration amplifier; 

3 – high-frequency vibration amplifier; 4 – arbitrary 

waveform generator; 5 – digital oscilloscope; 6, 

7 – vibration sensors; 8 – micropart; 9 – platform 

base subjected to sinusoidal displacement cycles; 

10 – piezoelectric actuator; 11 – platform for con-

veying; 12 – camera; 13 – computer 

 

Fig. 6 Samsung 1210 MLCC capacitor 

A Phantom v711 (1280×800 CMOS sensor, 1Mpx, 

20 µm pixel size) high-speed camera 12 was used to track 

the conveying of the micropart. It was equipped with a 

Canon MP-E 65 mm f/2.8 1-5x Macro Lens. A frame rate of 

500 frames per second at a resolution of 800×800 was se-

lected for the recordings. A computer 13 was used to control 

the camera and store the recordings. In order to digitize the 

coordinates of the micropart over time, a video processing 

program was developed in MATLAB, employing the nor-

malized cross-correlation approach. 

3.2. Experimental results 

Fig. 7 shows typical oscillograms of the signal for 

sinusoidal displacement cycles, the signal of high frequency 

pulses in burst mode for dry friction control, and the vibra-

tional response of the platform. They reveal how the micro- 

part is being conveyed exactly according to the program of 

the control signals. Thus, it is possible to control the con-

veyance velocity, direction, and step size by adjusting the 

phase shift between the signal of high frequency pulses in 

burst mode and the signal of horizontal sinusoidal displace-

ment cycles as well as the burst width which can be ex-

pressed as . 

 

Fig. 7 Oscillograms of the system’s signals: 1 – signal for 

sinusoidal displacement cycles; 2 – signal of high fre-

quency pulses in burst mode for dry friction control; 

3 – vibrational response of the platform 

 

Fig. 8 Captured displacement of micropart over time at dif-

ferent  and  values, A = 0.16 mm,  = π/2 

The character of the displacement of micropart 

over time is shown in Fig. 8.  

The moving micropart performs steps and the size 

of these steps depends on the control parameters (Fig. 8). A 

required step size can be maintained by adjusting the fre-

quency and amplitude of sinusoidal excitation as well as .  

  

a b 

Fig. 9 Experimental average stable conveying velocity v depending on: a) the phase shift φ, A = 0.16 mm, ω = 125.7 rad/s, 

 = 7π/15; b)  A = 0.16 mm,  = π/2
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Consistently with the modelling results, the exper-

iments confirmed that the velocity and direction of convey-

ing depend on the phase shift φ (Fig. 9, a). Similarly, like it 

was observed in the modelling results (Fig. 3, a), the con-

veying direction was changed when φ was near 5π/6 (Fig. 

9, a). Fig. 9, b shows the influence of  on v when 

A = 0.16 mm and φ = π/2. As it was observed in the model-

ling results (Fig. 3, b), the experimentally obtained average 

stable conveying velocity was tending to increase with an 

increase in  under the analysed conditions (Fig. 9, b). The 

experimental findings qualitatively confirmed the trends ob-

served by the modelling and showed that the proposed 

method can be applied in practice. 

4. Conclusions 

A mathematical model of conveying process was 

developed applying the Dahl dynamic friction model, and it 

was solved numerically to determine the influence of fric-

tional properties, friction control and sinusoidal excitation 

parameters on the characteristics of the conveying process. 

The modelling showed that the direction and velocity of 

conveying can be controlled by changing the phase shift be-

tween the function of the effective dry friction coefficient 

and the horizontal sinusoidal displacement cycles. The con-

veying velocity can be easily controlled in a wide range by 

changing . The modelling showed that the average con-

veying velocity tends to decrease as the nominal dry friction 

coefficient increases. The average conveying velocity in-

creases with an increase in the ratio of friction reduction. An 

increase in the amplitude or the frequency of the sinusoidal 

excitation results in an increase in the average conveying 

velocity. 

To test the theoretical observations in practice, an 

experimental setup for micropart conveying with controlled 

dry friction was created and build. Consistently with the 

modelling results, the experimental results demonstrated 

how the stable conveying velocity, direction and step size 

are controlled by regulating the parameters of the signals for 

sinusoidal displacement cycles and high frequency pulses in 

burst mode for dry friction control. The experimental find-

ings qualitatively confirmed the trends observed by the 

modelling and showed that the proposed method can be ap-

plied in practice. The conveying method can be practically 

used in conveying, feeding, manipulation and assembly sys-

tems for miniature and microparts in the mechatronics, elec-

tronic and other industries. 
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ANALYSIS ON CONVEYING OF MINIATURE AND 

MICROPARTS ON A PLATFORM SUBJECTED TO 

SINUSOIDAL DISPLACEMENT CYCLES WITH 

CONTROLLED DRY FRICTION 

S u m m a r y 

This paper analyses the conveying process of min-

iature and microparts on a manipulation platform subjected 

to sinusoidal excitation in the horizontal direction when the 

effective coefficient of dry friction is being controlled. 

Hereby, the required dynamic directionality is achieved via 

the system asymmetry created by periodic alteration of the 

effective coefficient of dry friction between the micropart 

and the platform. A mathematical model of conveying pro-

cess was developed applying the Dahl dynamic friction 

model. It was solved numerically and the influence of fric-

tional properties, friction control and sinusoidal excitation 

parameters on the conveying process characteristics was de-

termined. To test the theoretical observations in practice, an 

experimental setup for micropart conveying with controlled 

dry friction was created and build. Consistently with the 

modelling results, the experimental results demonstrated 

how the stable conveying velocity, direction and step size 

are controlled by regulating the parameters of the signals for 

sinusoidal displacement cycles and high frequency pulses in 

burst mode for dry friction control. The experimental find-

ings qualitatively confirmed the trends observed by the 

modelling and showed that the proposed method can be ap-

plied in practice. The proposed method can be practically 

used in conveying, feeding, manipulation and assembly sys-

tems for miniature and microparts in the mechatronics, elec-

tronic and other industries. 

Keywords: micropart, conveying, dynamic friction control, 

sinusoidal excitation, vibrations. 
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