
ABSTRACT 
YIN, YANBO. Non-Contact Object Transportation using Near-Field Acoustic Levitation induced 
by Ultrasonic Flexural Waves. (Under the direction of Dr. Paul I. Ro.) 

 

Handling and processing precision products, such as Compact Discs, LCDs, LSIs and silicon 

wafers requires strict conditions to keep the products from acquiring tiny defects, scratches and 

stains. A non-contact transportation system using Near-Field Acoustic Levitation (NFAL) will 

satisfy these conditions. An initial experiment was firstly set up to check the validation of NFAL 

Phenomenon. A system consisting of an aluminum beam, two piezoelectric actuators and a 

mechanical horn was experimentally and theoretically analyzed. With an input of 300 Vp-p, a flat 

object weighing 4g could be levitated and transported with the speed up to 17 cm/s. The 

transportation direction can be reversed by adjusting the phase angle difference between the two 

actuators. Computational fluid dynamics simulation was performed to obtain the time average 

speed in acoustic streaming.  Sliding Film Theory was then utilized to investigate the mechanism 

of transportation, where the shear force induced by the acoustic streaming was found to be the 

main source of driving the floating object. To extend the transportation, transportation over a 

curved path and Module-to-Module connection were experimentally performed. A beam with a 

shape of 90 degrees of arc was found to have uniform mode shapes and experiment results 

confirmed its feasibility to change transportation direction. For Module-to-Module connection, a 

speed threshold was discovered beyond which the transportation would be smooth without any 

problems. Cylinder rolling induced by the acoustic streaming was also performed to find out the 

dynamics of the cylinder. To optimize the system performance, the mechanical parts were 

analyzed in frequency domain. A close-loop system, which consists of the transportation module, 

vision module, and instrumentation module, was proposed. PID, Single Neuron Method and 

Sliding Mode Control were adopted to investigate the control effects and the performance results 

were mixed.   



Non-Contact Object Transportation Using Near-Field Acoustic 

Levitation Induced By Ultrasonic Flexural Waves 

 

by 

Yanbo Yin 

 

A dissertation submitted to the Graduate Faculty of 

North Carolina State University 

In partial fulfillment of the  

Requirements for the degree of 

Doctor of Philosophy 

 

MECHANICAL ENGINEERING 

 

Raleigh, NC 

2007 

 

Approved by:  

 

_________________________________ _________________________________ 

Nagel, Robert T.       Seelecke, Stefan 

_________________________________ _________________________________ 

Ramasubramanian, M.K.     Ro, Paul I.  

Chair of Advisory Committee

http://www.mae.ncsu.edu/directories/faculty/nagel.html�
http://www.mae.ncsu.edu/directories/faculty/seelecke.html�
http://www.mae.ncsu.edu/homepages/ram/index.html�
http://www.mae.ncsu.edu/directories/faculty/ro.html�


 ii

DEDICATION 

 

 

 

 

 

 

 

 

 

To my family, my wife and my parents, 

 

What the mind can conceive, it can achieve. 

 
 

 

http://baike.baidu.com/pic/4/11457245592537308.jpg�
http://baike.baidu.com/pic/4/11457245592537308.jpg�


 iii

BIOGRAPHY 

 

Yanbo Yin was born in Shandong, China in 1978. He received his B.S and M.S in Precision 

Instrument and Mechanology from Tsinghua University, Beijing in 2000 and 2003 respectively. 

For his undergraduate thesis, he joined the micro-mechanical lab with experimental research on 

Micro-jet. For his master’s degree, Yin developed a computer aided system on wireless 

communication on base station distribution. In 2003, Yin joined Jinkaixing Co. acting as a 

research engineer in charge of R&D of VMAS (Vehicle Mass Analysis System). Currently, he is 

pursing his Ph.D. degree under the guidance of Dr. Ro in the department of Mechanical and 

Aerospace Engineering at North Carolina State University. His research involves object 

transportation using Near-Field Acoustic Levitation induced by ultrasonic flexural waves. He is a 

member of ASME and IEEE.  

 



 iv

ACKNOWLEDGEMENTS 

 

First, I would like to express my deepest appreciation to my advisor, Dr. Paul I. Ro, for all his 

support, encouragement, and guidance both in the research and in my personal life. Through Dr. Ro, 

I learned how to do academic research, how to drive a project independently, and how to write 

academic papers. Dr. Ro also shows me a good example as a member to support the family. It has 

been a great honor and a pleasure to work with you. Your help and guidance will be highly 

appreciated and remembered for ever.  

 

I would also like to thank the committee members, Dr. Nagel, Dr. Ramasubramanian, Dr. Seelecke, 

and the graduate school representative, Dr. Vincent Freeh, for being on my committee and 

supporting me.  

 

One of the most important persons I would show my high appreciation and gratitude to is my sweet 

wife, Cathy Li Wang. Without your support and encouragement, I wouldn't have reached this goal. 

You have always been my relief during the toughest time. We surely will have a wonderful life in 

the future.  

 

My appreciation goes to Dr. Dow, the president of PEC, for supporting the project. Also, the author 

would like to thank center staff, Mr. Ken and Alex for giving me guidance on the equipment 

operation and experiments conduction. 

 

I would like to thank my fellow graduate students, Dave, Qunyi Chen, Robert. I had a really great 

time with you guys.  Special thanks go to Dave and Nadim for helping me correct the academic 

writing. Last but not least, I would like to thank all the friends that I met in NC State. 



 v

Table of Contents 
 

List of Figures .......................................................................................................................... ix 

List of Tables.......................................................................................................................... xiv 

1. Introduction........................................................................................................................ 1 

1.1 Previous Research on NFAL (Near-Field Acoustic Levitation).................................. 6 

1.2 Applications with NFAL ............................................................................................. 9 

1.2.1 Acoustic Handling System............................................................................... 9 

1.2.2 Cooling System...............................................................................................11 

1.2.3 Non-Contact Ultrasonic Motor .......................................................................11 

1.2.4 MEMS............................................................................................................ 12 

1.3 Advantages and Disadvantages of Non-Contact Transportation System Using NFAL

......................................................................................................................................... 13 

1.4 Research Objective ................................................................................................... 14 

References....................................................................................................................... 15 

2. Initial Investigation on Near-Field Acoustic Levitation .................................................. 21 

2.1 Introduction............................................................................................................... 21 

2.2 Analytical Approach.................................................................................................. 22 

2.2.1 Levitation by Piston Vibration ....................................................................... 22 

2.2.2 Levitation by Flexural Vibration.................................................................... 25 

2.2 Experiment Set-up .................................................................................................... 26 

2.3 Experimental Results ................................................................................................ 29 

2.4 Conclusion and Discussion ....................................................................................... 31 

References....................................................................................................................... 31 

3. Analysis of Sliding Film Effect in Acoustic Levitation................................................... 35 

3.1 Introduction............................................................................................................... 35 



 vi

3.2 Non-Contact Transportation System......................................................................... 36 

3.2.1 Experiment Set-up ......................................................................................... 36 

3.2.2 Experimental Results ..................................................................................... 38 

3.3 Analytical Approach.................................................................................................. 41 

3.3.1 Vibration Equation of a Flexural Beam ......................................................... 41 

3.3.2 Dynamics of the Transportation System........................................................ 42 

3.3.3 Motion of the Floating Plate .......................................................................... 53 

3.4 Conclusion and Discussion ....................................................................................... 54 

References....................................................................................................................... 56 

4. Object Transport over Curved Path and Module-to-Module Connection........................ 59 

4.1 Introduction............................................................................................................... 59 

4.2 Object Transportation on Curved Path...................................................................... 61 

4.2.1 Modal Analysis of Curved Beam................................................................... 61 

4.2.2 Experiment Results ........................................................................................ 64 

4.2.3 Transportation Performance........................................................................... 67 

4.3 Transportation over Module-to-Module Extension .................................................. 70 

4.3.1Theoretical Analysis on the Gap ..................................................................... 70 

4.3.2 Experiment Setup........................................................................................... 73 

4.3.3 Experiment Results ........................................................................................ 76 

4.4 Conclusion and Discussion ....................................................................................... 80 

References....................................................................................................................... 82 

5. Cylinder Rolling Induced by Acoustic Streaming ........................................................... 84 

5.1 Introduction............................................................................................................... 84 

5.2 Prototypes Design ..................................................................................................... 84 

5.3 Experimental Results ................................................................................................ 86 

5.4 Modeling and Analysis ............................................................................................. 88 



 vii

5.4.1 Friction-Based Cylinder Rolling.................................................................... 88 

5.4.2 Non-Contact Cylinder Rolling....................................................................... 88 

5.5 Conclusion and Discussion ....................................................................................... 95 

References....................................................................................................................... 95 

6. Position Control on Non-Contact Transportation System Using Near-Field Acoustic 

Levitation ................................................................................................................................ 98 

6.1 Introduction............................................................................................................... 98 

6.2 Experiment Setup...................................................................................................... 99 

6.2.1 System with Labview/Vision Builder ............................................................ 99 

6.2.2 System with Interface Programmed in Visual Basic.................................... 101 

6.3 Experimental Results .............................................................................................. 103 

6.3.1 PID Control Using Labview ........................................................................ 103 

6.3.2 Control Effect Using Visual Basic ............................................................... 105 

6.4 Conclusion and Discussion ......................................................................................114 

References......................................................................................................................116 

7. Conclusion ......................................................................................................................119 

7.1 Remarks on Validation of Near-Field Acoustic Levitation......................................119 

7.2 Remarks on Non-Contact Transportation system ....................................................119 

7.3 Remarks on Cylinder Rolling induced by Acoustic Streaming .............................. 122 

7.4 Recommendations for Future Work ........................................................................ 123 

8. Appendices..................................................................................................................... 125 

8.1 Video Acquisition/Processing and Instrumentation in MatLab .............................. 126 

8.2 Video Acquisition/Processing, Control Algorithm and Instrumentation in Visual 

Basic 6.0........................................................................................................................ 130 

8.3 Physical Parts Analysis ........................................................................................... 146 

8.3.1 Electro-Mechanical Coupling Analysis of a Piezo-Actuator ....................... 146 



 viii

8.3.2 Analysis on Mechanical Beam..................................................................... 150 

8.4 Analysis of Friction Force in Cylinder Rolling....................................................... 155 

 



 ix

List of Figures 

Figure 1-1 Mass-Spring system ........................................................................................ 1 

Figure 1-2 Elliptical locus for vibration composition....................................................... 2 

Figure 1-3 Locus with different phase angle difference ................................................... 2 

Figure 1-4 Ultrasonic vibration range and some applications .......................................... 3 

Figure 1-5 Standing wave ................................................................................................. 3 

Figure 1-6Traveling wave................................................................................................. 4 

Figure 1-7 Longitudinal wave........................................................................................... 5 

Figure 1-8 Transverse wave .............................................................................................. 6 

Figure 1-9 Levitation by Piston Vibration (From H. Nomura et al) ................................. 7 

Figure 1-10 Under water NFAL (From S. Ueha et al) ...................................................... 8 

Figure 1-11 The force f acting on the planar object vs. distance h (From S. Ueha et al).. 8 

Figure 1-12 Levitation induced by flexural vibration (From Y. Hashimoto).................... 9 

Figure 1-13 Acoustic Assembly ...................................................................................... 10 

Figure 1-14 Cooling System ............................................................................................11 

Figure 1-15 Non-Contact Ultrasonic Motor ................................................................... 12 

Figure 1-16 One typical Micro-Pump (by R. L. Bardell et al)........................................ 12 

Figure 1-17 Peristaltic pump (by Y. Bar-Cohen et al)..................................................... 13 

Figure 2-1 Levitation by Piston Vibration ...................................................................... 22 

Figure 2-2 Levitation Equation using MatLab Simulation ............................................. 24 

Figure 2-3 Scheme of Levitation by flexural vibration .................................................. 25 

Figure 2-4 Experimental Set-up...................................................................................... 26 

Figure 2-5 Amplitude Distribution on the plate.............................................................. 29 

Figure 2-6 Amplitude Distribution and Mode Shape...................................................... 30 



 x

Figure 2-7 Levitation vs. Input Voltage .......................................................................... 31 

Figure 3-1 The transportation system schematic ............................................................ 36 

Figure 3-2 Experimental setup........................................................................................ 36 

Figure 3-3 The floating Plate with marked dot ............................................................... 38 

Figure 3-4 The derived Position vs. Time....................................................................... 39 

Figure 3-5 Steady-state velocity vs. Phase angle............................................................ 39 

Figure 3-6 Steady-state velocity vs. Input voltage.......................................................... 40 

Figure 3-7 Steady-state velocity vs. Mass with the same area........................................ 40 

Figure 3-8 Steady-state velocity vs. Input voltage.......................................................... 41 

Figure 3-9 The forced vibration of flexural beam........................................................... 41 

Figure 3-10 The streamline plot of the air streaming...................................................... 43 

Figure 3-11 The velocity at different time step............................................................... 44 

Figure 3-12 MaxV vs. Amplitude ................................................................................... 44 

Figure 3-13 Maximum velocities vs. applied frequency ................................................ 45 

Figure 3-14 MaxV vs. Gap ............................................................................................. 45 

Figure 3-15 The x-velocity distribution along the length of the beam with Phase=0..... 46 

Figure 3-16 The x-velocity time response along beam length direction......................... 47 

Figure 3-17 MaxV vs. Phase Angle ................................................................................ 48 

Figure 3-18 Inflow/outflow time response ..................................................................... 49 

Figure 3-19 Net flow time response................................................................................ 49 

Figure 3-20 The x-velocity time response ...................................................................... 50 

Figure 3-21 Stroke streaming on the lateral motion ....................................................... 51 

Figure 3-22 Velocity distribution .................................................................................... 52 

Figure 3-23 The forces acting on the plate at the longitudinal direction ........................ 53 

Figure 3-24 The comparison between analytical and experimental ............................... 54 

Figure 3-25 The fluid velocity profile at different time steps (from Engineering 



 xi

Mechanics Handbook).................................................................................................... 56 

Figure 4-1 The transportation using a curved beam ....................................................... 60 

Figure 4-2 The curved beam ........................................................................................... 61 

Figure 4-3 The cross section of the curved beam ........................................................... 61 

Figure 4-4 The mode shapes of circular beam................................................................ 62 

Figure 4-5 Bode plot of frequency response................................................................... 63 

Figure 4-6 The Images after processing.......................................................................... 65 

Figure 4-7 Position data derived from video .................................................................. 66 

Figure 4-8 AAV vs. Frequency ....................................................................................... 67 

Figure 4-9 AAV vs. Phase angle ..................................................................................... 68 

Figure 4-10 AAV vs. M/A............................................................................................... 68 

Figure 4-11 AAV vs. Input power ................................................................................... 69 

Figure 4-12 AAV vs. Size ............................................................................................... 69 

Figure 4-13 The simulation result ................................................................................... 70 

Figure 4-14 The x-velocity distribution along x-direction at time=3.8e-5s.................... 71 

Figure 4-15 The x-velocity vs. Gap ................................................................................ 72 

Figure 4-16 The MaxV vs. Gap ...................................................................................... 72 

Figure 4-17 The MaxV vs. Amplitude ............................................................................ 73 

Figure 4-18 The system setup ......................................................................................... 74 

Figure 4-19 Labview: Image crop................................................................................... 75 

Figure 4-20 The position derivation................................................................................ 76 

Figure 4-21 The Speed distribution ................................................................................ 77 

Figure 4-22 The motion of the plate ............................................................................... 78 

Figure 4-23 Speed threshold ........................................................................................... 79 

Figure 4-24 The Force to constrain the plate on the beam.............................................. 81 

Figure 4-25 The ratio with respect of Phase angle.......................................................... 81 



 xii

Figure 5-1 Prototype system with a rubber cylinder....................................................... 85 

Figure 5-2 Video processing flowchart ........................................................................... 87 

Figure 5-3 Cylinder rolling motion plot.......................................................................... 88 

Figure 5-4 x-velocity profile at time =3.8e-5s ................................................................ 89 

Figure 5-5 X-velocity time response at different location .............................................. 90 

Figure 5-6 The velocity distribution at different time step ............................................. 91 

Figure 5-7 Dynamic model of rolling in acoustic radiation field ................................... 92 

Figure 5-8 The analytical parameters.............................................................................. 92 

Figure 5-9 The simulated results and comparison to the experimental results............... 94 

Figure 6-1 The system schematic.................................................................................... 99 

Figure 6-2 The marked dark dot on the object.............................................................. 100 

Figure 6-3 The linearization of the control input.......................................................... 101 

Figure 6-4 Control Interface Using Visual Basic.......................................................... 102 

Figure 6-5 The step signal control with falling edge .................................................... 103 

Figure 6-6 The step signal with rising edge.................................................................. 104 

Figure 6-7 The square wave response........................................................................... 105 

Figure 6-8 Control experimental results under traditional PID algorithm.................... 106 

Figure 6-9 The simulation results ................................................................................. 106 

Figure 6-10 Square Wave Tracking............................................................................... 107 

Figure 6-11 The self-adaptive PID control structure with a neuron ............................. 109 

Figure 6-12 The experiemnal result using Hebbian training w/o supervision...............111 

Figure 6-13 The experimental control result..................................................................111 

Figure 6-14 Control result with sampling of 8Hz..........................................................113 

Figure 6-15 Control results with sampling of 14Hz ......................................................114 

Figure 6-16 Motion curve ..............................................................................................115 

Figure 6-17 End velocity with different initial velocity ................................................116 



 xiii

Figure 8-1 Appendices-Simulink blocks Video Acquisition /Processing ..................... 126 

Figure 8-2 The BLT Actuator........................................................................................ 147 

Figure 8-3 Model of the actuator .................................................................................. 149 

Figure 8-4 Modal Analysis............................................................................................ 149 

Figure 8-5 Frequency response with respect of top surface of the actuator ................. 150 

Figure 8-6 The thickness factor .................................................................................... 151 

Figure 8-7 The frequency response with different horn position.................................. 153 

Figure 8-8 Frequency response with non-symmetric locations .................................... 154 

Figure 8-9 Dynamic model of friction contact between the cylinder and the beam..... 155 

Figure 8-10 Schematics of rolling process.................................................................... 157 

 



 xiv

 

List of Tables 

 

Table 2-1 Physical Property of the Components............................................................. 27 

Table 2-2 Mechanical Horn for NFAL............................................................................ 28 

Table 3-1 Physical Property and Parameters of Parts in the Experiment........................ 37 

Table 4-1 Speed Threshold ............................................................................................. 80 

Table 8-1 Physical Parameter of PZT Material............................................................. 148 

 
 



 1

1. Introduction 

Vibration is the mechanical oscillations around an equilibrium point. The oscillations may be 

periodic, such as the motion of a pendulum, or random, such as the movement of a tire on a gravel 

road. When a system, displaced from its equilibrium position, experiences a restoring force 

proportional to the displacement, such phenomenon is called harmonic vibration. Figure1-1 

shows a typical harmonic vibration system-a mass-spring system. Point O is the equilibrium point 

where there is no force acting on the mass. When the mass is displaced from Point O, there is 

going to be a restoring force proportional to x according to Hooke’s Law to pull the ball back to 

the original point.  

 

Figure 1‐1 Mass‐Spring system 

Considering two harmonic vibrations around position O with the same frequency in X and Y 

direction, respectively; the locus of the vibration will be elliptical as shown in Figure 1-2. Figure 

1-3 shows the different locus with different phase angle difference between the two vibrations.  

http://en.wikipedia.org/wiki/Oscillations�
http://en.wikipedia.org/wiki/Periodic_function�
http://en.wikipedia.org/wiki/Random�
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Figure 1‐2 Elliptical locus for vibration composition 

 
Figure 1‐3 Locus with different phase angle difference 

 

Ultrasonic flexural wave is the mechanical vibration produced on the flexural structures, such as 

beam, plate, membrane, and etc, with the frequency greater than the upper limit of human hearing. 

This limit is being approximately 20 kHz. Figure 1-4 shows the ultrasonic range and some 

applications. 
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Based on the nature of propagation of the waves, they can be divided into two types: Standing 

waves and Traveling waves. Standing wave, also known as stationary wave, is a wave that 

remains in the constant position. This phenomenon occurs because the medium is moving in the 

opposition direction to the wave, or the result of interference between two waves traveling in 

opposite directions. In a standing wave, there is no net propagation of energy. Note that there are 

fixed points on the wave, at which no displacement occurs with the passage of time. These points 

are known as nodes, and are evenly spaced along the wave. The points along the wave at which 

there is maximum displacement are known as anti nodes. 

 
Figure 1‐4 Ultrasonic vibration range and some applications 

0 1 2 3 4 5 6
-2

-1.5

-1

-0.5

0

0.5

1

1.5

2
Standing Wave

 

 
t1
t2
t3
t4

 

Figure 1‐5 Standing wave 

http://upload.wikimedia.org/wikipedia/en/f/f8/Ultrasound_range_diagram.png�
http://upload.wikimedia.org/wikipedia/en/f/f8/Ultrasound_range_diagram.png�
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Traveling wave, also called progressive wave, is the one in which the medium moves in the 

direction of propagation of the wave. There is energy propagation along the direction. In a 

traveling wave, there is no node and anti-node as shown in Figure 1-6.  
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Figure 1‐6Traveling wave 

There are two basic types of wave motion for mechanical waves: longitudinal waves and 

transverse waves. Figure 1-7 and Figure 1-8 demonstrate both types of wave and illustrate the 

difference between the motion of the wave and the motion of the particles in the medium through 

which the wave is traveling. In a longitudinal wave the particle displacement is parallel to the 

direction of wave propagation. Figure 1-7 shows a one-dimensional longitudinal wave 

propagating. The particles do not move down with the wave. They simply oscillate back and forth 

about their individual equilibrium positions. The wave can be seen as the motion of dense region 

move along the propagation direction. Sound wave is a typical longitudinal wave.  
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Figure 1‐7 Longitudinal wave 

In a transverse wave, the particle displacement is perpendicular to the direction of wave 

propagation. Figure 1-8 shows a one-dimensional transverse plane wave propagating from left to 

right. The particles do not move along with the wave, they simply oscillate up and down about 

their individual equilibrium positions as the wave passes by. The wave can be seen as the motion 

of crest/trough move along the wave propagation direction.  
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Figure 1‐8 Transverse wave 

 

1.1  Previous  Research  on  NFAL  (NearField  Acoustic 

Levitation) 

Acoustic levitation is the levitation by which a matter can be suspended in a fluid by using 

acoustic radiation pressure generated from high-intensity sound waves. This phenomenon is 

feasible because of the non-linear effects of high-intensity sound waves.  

 

The NFAL phenomenon is firstly reported by Whymark in 1975[1]. He published that when a 
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74-mm-diameter piston source was actuated with a frequency of 20 KHz, a brass planar disc 

(diameter: 50 mm, thickness: 0.5 mm) was levitated extremely close to the piston. The planar disc 

acted as the wave reflector. Chu and Apfel [2] derived the acoustic radiation pressure and 

expressed in a simple formula to evaluate the levitation force.  

 

Nomura and et al [3] designed a system, shown in Figure1-9, to investigate the NFAL 

phenomenon both theoretically and experimentally. In this system, similar to Hashimoto et al [4], 

a levitated object was placed on the radiation surface of the radiator which was actuated at a 

frequency of 19.5 kHz. The vibration and the levitation distance measurement were conducted by 

two laser displacement meters, respectively. Within the framework of a source velocity less than 

80 cm/s, theory and experiment were in good agreement. 

 
Figure 1‐9 Levitation by Piston Vibration (From H. Nomura et al) 

 

In addition to the NFAL in air, Underwater NFAL was also observed by Ueha et al [5] [6]. The 

experiment setup prototype is expressed in Figure 1-10, similar to the system in air. In this system, 

an electronic balance was also added to measure the levitation force as shown in (b). Unexpected 

characteristics were observed where an attractive acoustic radiation force acts on the planar object 
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at certain conditions in addition to the typical repulsive force as shown in Figure 1-11. No 

attractive radiation force is observed in the frequency range from 17 to 30 kHz for the NFAL in 

the air. The reason for the attractive force was not clear yet. 

 
Figure 1‐10 Under water NFAL (From S. Ueha et al) 

 

Figure 1‐11 The force f acting on the planar object vs. distance h (From S. Ueha et al) 

 

Hashimoto et al [4] also investigated the levitation induced by flexural vibration. The system, 

shown in Figure 1-12, was similar to the one with piston vibration. They concluded that the 
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levitation distance appeared inversely proportional to the square root of the weight area ratio. The 

levitation distance was proportion to the amplitude of the plate. The stability of the levitation is 

also discussed in their research. A new method is also defined by Matsuo et al [7] to evaluate the 

magnitude of the holding force which acts horizontally on the levitated objects 

 
Figure 1‐12 Levitation induced by flexural vibration (From Y. Hashimoto) 

1.2 Applications with NFAL 

Acoustic levitation is usually used for non-contact processing which has become more and more 

important in precision industries. In such industries, the process requires small size and resistance 

of microchips with high-purity materials, no contamination and scratches. 

1.2.1 Acoustic Handling System  

During precise manufacturing of electronic components such as semiconductors, large scale 

circuits, LCDs, optical disks and etc, the process necessitate strict handling and transportation 
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requirement to prevent the products from scratching. In Chemical or Biological industry, as well, 

the sample must be kept out of contaminations. The handling system using acoustic levitation is a 

desirable alternative in these industries.  

 

Figure 1-13 shows one prototype system for handling particles using standing wave. To generate 

the standing wave, the vibrator is placed at a fixed distance from the reflector, which is 

theoretically multiple of half of the wave length. Under microgravity condition, one particle can 

be positioned exactly in the pressure node. Moreover, when a flat light plate is placed on top of the 

vibrator, the plate will act itself as the reflector. When the distance between the vibrator and the 

plate is small enough, the acoustic radiation pressure will become large enough to levitate the 

plate. Comparing to the particle levitation system, the flat plate levitation system will be more 

concise and easy to handle. Koike also analyzed the mechanism of levitation for a flat object [8]. 

 

Figure 1‐13 Acoustic Assembly 
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1.2.2 Cooling System  

In Near-Field Acoustic Levitation phenomenon, the fluid (usually air) near the vibrating surface 

will have a stationary motion. This provides a mechanism to promote heat transfer through 

convection. Figure 1-14 shows a prototype cooling system by Wu [9]. The system consist a 

piezoelectric bimorph which can produce vibration under the heat source. The acoustic stream 

induced by the vibrating bimorph will enhance the convective heat transfer around the heat source. 

The acoustic velocity is proportional to the vibration amplitude. The bimorph is excited at a 

resonant frequency. The system can enhance the heat transfer between the heat source and the 

bimorph up to 210%. 

 
Figure 1‐14 Cooling System 

1.2.3 Non-Contact Ultrasonic Motor 

Figure 1-15 shows the prototype ultrasonic motor, two ultrasonic actuators are attached with 

screws to a cylinder stator made of aluminum. A thin cylindrical rotor is inserted into the stator to 

make narrow gap between them. The two actuators are driven by two alternative voltages with a 

phase difference of 90 degrees, and the distance between the excitation points is three quarters of 

one wave length of the flexural wave. Therefore a traveling wave in the circumferential direction 

is excited by superposing of two degenerate standing waves with 90 phase difference. This is 

commonly used in traditional ultrasonic motors. The resonance frequency of the stator ring is 

tuned to that of the actuator. Using non-contact ultrasonic motor, a high speed of 3000rpm can be 
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obtained which is impossible for conventional contact ultrasonic motor [10]. 

 

Figure 1‐15 Non‐Contact Ultrasonic Motor 

1.2.4 MEMS 

In Micro-Electro-Mechanical System (MEMS), the operation of devices is often affected by 

several physical phenomena which are coupled by some mechanisms. Traditionally these 

couplings are electro-structure, fluid-structure, and thermo-structure. In those systems that 

involve fluid-structure coupling, NFAL will play an important role.  

 

Based on its acoustic radiation pressure, NFAL can be applied to Micro-pump, Micro-jet, 

Squeezed-film damper and etc. Figure 1-16 shows a prototype for one Micro-Pump. Typically, 

these pumps are actuated by a piezoelectric disk bonded to a membrane covering the pump 

chamber. The inlet and outlet are connected to the circular pump chamber [11]. 

 

Figure 1‐16 One typical Micro‐Pump (by R. L. Bardell et al) 
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Meanwhile, because of shear force induced by the acoustic streaming, NFAL can be applied to 

Micro-mixer, Fluid/Particle Delivery System, Micro-Reactor, Micro-Valves Micro-Peristaltic 

Pump and etc.  Figure 1-17 shows the principle of a miniature peristaltic pump actuated by a 

piezoelectric actuator. The wave travels synchronously at the interface and forms multiple 

chambers that are filled with the desired gas or liquid. The chambers are formed, closed and travel 

in a rolling motion that can be described as a squeezing effect. This peristaltic synchronized 

action of the wave is not associated with any physically moving parts and is a frictionless wave 

travel movement. [12]  

 

Figure 1‐17 Peristaltic pump (by Y. Bar‐Cohen et al) 

1.3  Advantages  and  Disadvantages  of  NonContact 

Transportation System Using NFAL 

With the development of high-tech micro-electronic industry, the requirement of non-contact 

transportation system is in high demand. In the design of such system, several methods have been 

proposed such as systems utilizing Meissner effect, gas bearing, and magnetic force or static 

electronic force. Compared to those systems, the non-contact transportation system using NFAL 

has the following advantages: 
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(1) The system works in ultrasonic frequency, which is beyond human’s hearing range, which 

means that there is no noise induced.  

 

(2) Unlike those using magnetic or electronic systems that require electrically conductive 

materials, the system has no requirement on the material type. Any materials can be levitated 

and transported.  

 

(3) In gas bearing systems, in order to transport the object in contactless mode, a large amount of 

gas is needed and a complex gas supply system is required to provide sufficient gas. The 

system using NFAL, however, doesn’t necessitate such accessories. It can work in the air 

without any supply of gas.  

 

(4)  The system is simple, compact, easy to manufacture and operate because the system does not 

have bearing, belt and etc.  

 

The disadvantages of the system are that it has high power consumption and low power efficiency. 

The system is sensitive to the driving force induced by acoustic streaming.  

1.4 Research Objective 

In this thesis, the main research objective is to investigate the industrial application of the NFAL 

system. The research tasks are divided into the following: 

 

(1) NFAL validation- design an initial experiment to check the NFAL phenomenon, comparing 

the experimental results to the theoretical calculation on the levitation distance.  
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(2) Prototype design of the non-contact transportation system- design a prototype system to test 

the performance of the transportation. 

 

(3) Analysis of the transportation mechanism-currently, the transportation mechanism still 

remains unknown. The only knowledge is that the force is a shearing force induced by the 

traveling wave. In this part, sliding film theory is introduced to explain the acting force and to 

develop the equation of motion for the floating object.  

 

(4) Module-to-Module connection and transportation on the curved path- to make the system 

applicable in industries, the system needs to work in a long distance range and to change 

direction. 

 

(5) Control algorithm derivation- during the handling and processing, the transported object 

needs to be stopped at certain locations for inspection and/or processing. Several control 

algorithms are devised to check the control of handling process.  

 

(6) Cylinder rolling experiment- Cylinder rolling due to the acoustic radiation pressure and 

viscous force is investigated.  

 

(7) Power efficiency improvement-the power efficiency is low due to the small force induced by 

acoustic streaming. The rest energy is dissipated in the solid components. This section 

investigates the energy flow in the system in an attempt to improve power consumption.  
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2. Initial Investigation on Near-Field Acoustic 

Levitation 

2.1 Introduction           

It has been more than thirty years since the Near-Field Acoustic Levitation (NFAL) phenomenon 

was reported. NFAL has been applied to many fields such as MEMS, manipulation, assembly, 

cooling and etc.  

 

Nomura et al [1] and Hashimoto [2] proposed similar experimental setups to investigate the 

levitation both theoretically and experimentally. Koike also investigated the suspending 

mechanism [3]. Ueha et al [4] [5] conducted researches in underwater NFAL. An attractive 

acoustic radiation force was discovered which was unobserved in the air. Wu applied this 

phenomenon to the cooling approach in microprocessor [6]. In a non-contact mode, a high speed of 

3000 rpm was achieved by an ultrasonic motor developed by Hu et al [7]. Such high speeds are not 

attainable in contact modes.  

 

NFAL can be used in non-contact transportation system as well. In manufacturing and processing 

precision products such as compact discs, LCDs, and silicon wafers of semiconductor, the 

non-contact system is indispensable to eliminate tiny defects and scratches. Acoustic levitation can 

be employed in non-contact transportation system due to the following advantages: (1) no 

materials type limitation to the levitated object, (2) compact size, (3) free of noise and (4) no 

demand on large amount of clean gas. 
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In order to derive the acoustic levitation equation, the acoustic radiation pressure is proposed and 

simulated in MatLab. The governing equations of acoustic levitation were derived under the 

conditions where the clearance between the source and the levitated object is very small and the 

source vibrates at a high frequency. An experiment was set up to measure the levitation distance, 

which initially agree well with the theoretical analysis.  

 

2.2 Analytical Approach 

2.2.1 Levitation by Piston Vibration 

Consider an object with planar bottom levitated by an acoustic standing wave, which is radiated 

from a piston-like sound source in Figure 2-1. The surface of levitated object is assumed to be a 

rigid plane, and the piston vibrates as tωξξ cos0= .  

 
Figure 2‐1 Levitation by Piston Vibration 

 

Based on formation derived by Chu and Apfel [8], the radiation pressure is  
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where >< E  is the time average energy density and expressed as: 
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Each symbol is defined below: 

P, radiation pressure, 

2
1 γ+

=K , where γ  specific heat ratio, for air 4.1=γ , 

cka /ω= , where c sound velocity 

l  Levitation distance 

0ξ  Vibration amplitude 

0ρ  Medium density. 

 

Figure 2-2 shows the simulated results from Equation (2-1). In (a), the pressure increases as the 

amplitude value increases. The pressure has no relationship with the frequency according to (b). 

From (c), the pressure reduction is significant when the distance increases, which means the 

energy only focuses near the acoustic vibration source. The levitation distance is proportional to 

the vibration amplitude as shown in (d).  
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Figure 2‐2 Levitation Equation using MatLab Simulation   

 

Based on the simulation, the levitation equation can be simplified in the following procedure. 

When levitation distance l  is small enough to satisfy 1<<lka , the radiation pressure is: 
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=         (2-3) 

 

Then levitation distance can be derived by making W equal to P as below: 

W
K

cH
2

0
0

ρ
ξ=           (2-4) 

Where W is the weight / area of levitated object. 

     (a) Pressure vs. Amplitude (b) Pressure vs. Frequency  

(c) Levitation vs. Pressure 
(d) Levitation vs Amplitude
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2.2.2 Levitation by Flexural Vibration  

Consider that a plate vibrates in the flexural mode and a planar object is levitated by a distance of 

h as shown in Figure 2-3.  In this case, the acoustic wave does not propagate normal to vibrating 

source. The particle velocity amplitude distribution can be derived as the sum of plane waves [9]: 

 

Figure 2‐3 Scheme of Levitation by flexural vibration 
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For a plane wave, it has two wave vectors: xk , yk , the radiation pressure in the z direction is 

derived as: 
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The total radiation pressure in z direction can be the sum of each vector component and given as: 
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2.2 Experiment Setup   

The experiment was carried out using the configuration shown in Figure 2-4. It consists of one 

rectangular vibration plate (54x40x3 mm) and one mechanical horn connected to the piezo 

actuator. The actuator was Bolted Langevin type Transducer (BLT) manufactured by NTK 

(Model No. DA2228). 

 

 

Figure 2‐4 Experimental Set‐up   

 

The levitated object was placed on the surface of the rectangular plate which was excited at 

frequency of 16.8 kHz. The vibration amplitude measurement was conducted by a Capacitance 

Gage and the levitation distance by laser displacement meter (Angstrom Resolver Model 101), 

respectively. Aluminum was chosen as the material of the horn and the beam because of its 

excellent acoustic characteristics. Table 2-1 shows the physical property of the components used 

in this experiment.  
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Table 2‐1 Physical Property of the Components 

Dimensions  54 X 40X 3 mm  

Material  Aluminum  

Density  2700 Kg/m3  

Young’s Modulus  7e10 Pa  

Plate  

Poission’s Ratio  0.33  

Type  Mechanical Cone Horn  

Length  100.083 mm  

Top/Bottom Diameter 6.316/24 mm  

Magnification factor 3.061  

Horn  

Node Position  38.0475mm  

Dimension  10X20 mm  

Mass  0.3e-3 Kg  

Levitated Object  

Material  Silicon  

Type  Langevin  

Manufacturer  NTK  

PZT Transducers  

Model Number  DA2228  

Laser Displacement Meter  Type  Angstrom Resolver Model 101 

 

The mechanical horn is to magnify the vibration amplitude during the experiment. In this case, the 

horn is manufactured into a cone horn with magnification factor of 3.061. When the horn is 

excited at its resonant frequency, it will have the largest amplitude. And the energy will also 

concentrate on the top surface of the horn. Table 2-2 lists the dimension parameters, design 

criteria and the calculation equations.  
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Table 2‐2 Mechanical Horn for NFAL 

 

Equations Actual size of horn
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2.3 Experimental Results 

The vibrating plate is flexural which causes the vibration amplitude to be non-uniform. Figure 2-5 

shows the distribution of amplitude on the vibration plate. In the longitudinal direction, the 

amplitude has a minimum value at the edge and a drop where the plate is bolted. In the 

cross-sectional direction, the amplitude distribution is almost uniform.  

 

(a) Direction Illumination  
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(b) Longitudinal Distribution of Amplitude 
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 (c) Sectional Distribution of Amplitude. 

Figure 2‐5 Amplitude Distribution on the plate 
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Figure 2-6 (a) shows the Chladni’s pattern of vibration and (b) shows the mode shape simulated 

using Ansys. The two patterns have the similar vibration distribution. The dissymmetry of the 

pattern may arise from non-horizontality of the plate. 

 

 

(a) The Chladni’s pattern of vibration mode 

 
   (b) Mode shape of vibrating plate 

Figure 2‐6 Amplitude Distribution and Mode Shape 

The experimental results of levitation distance are shown in Figure 2-7.  The levitation distance 

is proportional to the amplitude. The levitation distance drops as the Mass-Area Ratio (M/A) is 

increased. The top two lines represent the levitation of two objects with different mass but same 

M/A. Those results agree well with the levitation equation derived from the acoustic radiation 

pressure.  
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Figure 2‐7 Levitation vs. Input Voltage 

2.4 Conclusion and Discussion   

The levitation equation was derived based on acoustic radiation pressure. An initial experiment 

was set up to check the validation of the levitation equation. A flexural plate was chosen as the 

vibrating surface. The levitation distance is proportional to the vibration amplitude and inversely 

proportional to the M/A. The distance will remain the same when the levitated object has different 

mass but the same M/A. The experimental results agree well with the theoretical calculation.  

 

Due to the flexural property of the vibrating plate, the vibration amplitude distribution is not 

uniform. The size of the levitated object is also a factor that affects the levitation distance. The 

levitated object also maintains an uncertain motion because of the flexural vibration.   
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3. Analysis of Sliding Film Effect in Acoustic 

Levitation 

3.1 Introduction   

The phenomenon of Near-Field Acoustic Levitation (NFAL) was firstly reported by Whymark [1] 

in 1975, it was discovered when a 74-mm-diameter piston source was actuated with frequency of 

20 KHz, a brass planar disc (diameter: 50 mm, thickness: 0.5 mm) was levitated extremely close 

to the piston. In 2002, Nomura, et al [2] conducted a experimental and theoretical analysis on this 

phenomenon. The Near Field Acoustic Levitation mechanism was evaluated by Hashimoto [3] 

and Minikes [4], respectively. The levitation experiment was conducted based on the theoretical 

results [5].  Recently, it was reported by Hashimoto et al [6] that this phenomenon was applied to 

non-contact ultrasonic object transportation system, where a planar object could be levitated and 

moved along a straight beam excited by ultrasonic traveling waves. The non-contact 

transportation of large sized planar object system was investigated by Takafumi [7]. The 

transportation system designed by Hashimoto uses an actuator at one end of the beam and 

absorber with resister and conductance at the other end. This design, however, constrains the 

ability to reverse motion direction during the transportation. The mechanism of the transportation 

was assume to be the acoustic streaming shear force due to ultrasonic flexural vibration, no 

detailed explanation, however, was proposed in their research.  

 

In this chapter, the transportation mechanism was analyzed with aid of Sliding Film Theory. The 

dynamics of the air streaming between the beam and levitated object was analyzed using Finite 

Element Method. Sliding Film Theory was utilized to calculate the shear force induced by 
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acoustic streaming. The Equation of Motion of the floating object was then derived based on 

shear force simulated from the finite element analysis.  

3.2 NonContact Transportation System   

3.2.1 Experiment Set-up  

The schematic of the transportation system is shown in Figure 3-1, and Figure 3-2 shows the 

experimental setup. The system consists of one Aluminum beam, two Langevin type Transducers 

(BLT) and two mechanical horns. The vibration displacement of the transducers is amplified by 

the mechanical horns. The position to attach the horn to the beam is defined at a length of  4/λ  

from the end. The parameters of the system are listed in Table 3-1. 

 
Figure 3‐1 The transportation system schematic 

 

Figure 3‐2 Experimental setup 
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Table 3‐1 Physical Property and Parameters of Parts in the Experiment 

Dimensions 400 X 50.8X 3 mm 

Material Aluminum 

Density 2700 Kg/m3 

Young’s Modulus 7e10 Pa 

Beam  

Poission’s Ratio 0.33 

Type Step and exponential combine 

Length 113.642 mm 

Top /Bottom Diameter 12/48 mm 

Magnification factor 4 

Horn 

Node Position 41.951 mm 

Dimension R=36.1 mm 

Mass 4e-3 Kg 

Levitated Object 

Material Silicon 

Type Langevin 

Manufacturer NTK 

PZT Transducers 

Model Number DA4427 

Webcam Type Logitech QuickCam 

 

A shallow T-section of the beam is fabricated to keep the moving object from falling off.  A 

frequency of 25.6 KHz is utilized to produce the most desirable traveling wave on the beam. 

When a flat plate is put on the vibrating beam, it levitates and then gradually accelerates to a 

constant speed due to the near boundary streaming induced by the traveling wave.  

 

A video camera is used to capture the motion, and the video is then processed in MatLab to derive 

the position with respect to time. To facilitate the use of such technique, the plate is marked with a 
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dark dot at the center. The video file is divided into frames in MatLab. In each frame, the position 

can be obtained by finding the position of the dark dot where it has the minimum intensity. The 

speed can then be obtained by differentiating the derived displacement with respect to time. 

Figure 3-3 shows the frames derived from the video, where the marked dots can be seen at the 

center of the plate.  

 
Figure 3‐3 The floating Plate with marked dot 

3.2.2 Experimental Results 

Figure 3-4 shows the derived position data. The velocity first gradually increases and then comes 

to a final steady-state speed of 0.17 m/s. The graph shows six trials of motion. The first three 

show the same motion from left to right of the vibrating beam, and the other three represent the 

motions from right to left. 
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Figure 3‐4 The derived Position vs. Time 

 

The steady-state transportation velocity as a function of phase angle difference is shown in Figure 

3-5. When the phase angle between the two transducers reaches 90 degrees, the maximum steady 

speed of 0.17 m/s is achieved. While the phase angle difference changes to 270 degrees, the 

transportation direction will reverse and reach a maximum speed of -0.15m/s. the difference 

between the two maximum speeds may be the reason of non-horizontality of the beam position. 
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Figure 3‐5 Steady‐state velocity vs. Phase angle 
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The relationships between steady-state speed, input voltage and M/A are shown in Figure 3-6 

through Figure 3-8. Notice that in Figure 3-6 the steady-state speed is linear to the input voltage. 

The speed ranges from 12cm/s to 20 cm/s when the input voltage increases from 100v to 300v. In 

Figure 3-7,  the steady-state speed decreases when the mass increases but the area of plate 

remains the same, meaning that the steady-state speed is inversely proportional to the M/A. 

Figure 3-8 is the steady-state velocity with respect of input voltage with different M/A. When the 

M/A remains the same, the steady-state speed of the plate will increase as the input voltage rises 

up. At the same input voltage, the steady-state speed is inversely proportional to the M/A. 
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Figure 3‐6 Steady‐state velocity vs. Input voltage 
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Figure 3‐7 Steady‐state velocity vs. Mass with the same area 
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Velocity vs. Mass,Input
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Figure 3‐8 Steady‐state velocity vs. Input voltage 

3.3 Analytical Approach 

3.3.1 Vibration Equation of a Flexural Beam 

According to the traditional beam theory, the governing equation of a vibrating beam is: 

 

 

 

Figure 3‐9 The forced vibration of flexural beam 
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where ρ is the mass density of the beam,  

A is the cross section area,  
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E is the Young’s Modulus, and  

I is the moment of inertia. 

The solution to Equation (3-1) is:  

)sin(),( kxtCtxw −= ω    (3-2) 

where C is the vibration amplitude, 

ω  is the periodic frequency of the flexural waves and  

k is the wave number defined as 

4/12 )/(/2 EIAk ρωλπ == . 

In the steady state forced flexural vibration of the beam, the vibration can be expressed using the 

normal modes as the following:  
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And the longitudinal vibration of the beam is derived as:  

)cos(),,( kxtayk
x
wztyxu −=
∂
∂

−= ω     (3-4) 

Equation (3-4) will be the main reason for presence of the shear force in the acoustic streaming.  

3.3.2 Dynamics of the Transportation System 

3.3.2.1 FEM on the Near Boundary Air Streaming 

The air streaming is modeled as a rectangle with length of 0.4m and height of 0.001m. The 

boundary condition on the bottom line is set as the vibration of the beam. Due to the low density 

of air, the air streaming pressure applied to the beam can be neglected. The time response of the 

beam will not be affected by the air streaming pressure. The condition applied to the bottom of the 

air streaming can be derived as:  

)sin(kx))-tcos(-t)cos(kx)k(cos(0.003mpf6-3evelocityx φωωω ××××=−   (3-5) 
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)sin(kx))-tsin(t)cos(kx)(sin(mfd6-3e velocity-y φωωω +×××=    (3-6) 

where ω  is the period frequency,  

mpf is the mode participation factor [8], and  

φ  is the phase angle difference. 

Between these two boundary conditions, Equation (3-5) will induce the shear force in the air 

streaming, while Equation (3-6) will be the reason why the acoustic radiation pressure is 

produced.  

 

In the simulation, the initial conditions are set as the following: The phase angle difference is set 

to be 90 degrees, the vibration frequency is 25.6 KHz, and the amplitude is set as 3 micrometers.  

Figure 3-10 shows the streamline contour of velocity profile at time =2.2e-5 second, the intensity 

of the streamline represents the scale of velocity. In the continuous time step, the velocity crest 

moves along the traveling wave direction.  

 

Figure 3‐10 The streamline plot of the air streaming 

 

Figure 3-11 shows the x-velocity profile along the beam length at different time steps when the 
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phase angle difference is set to be 270 degrees. The x-velocity crest can be clearly seen moving 

from right to left. 

 
Figure 3‐11 The velocity at different time step 

 

Figure 3-12 shows the Maximum x-Velocity (MaxV) with respect to amplitude. The MaxV has a 

linear relation with the vibration amplitude, which corresponds well to the experimental results in 

Figure 3-6. 
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Figure 3‐12 MaxV vs. Amplitude 

 

Figure 3-13 shows the relationship between the MaxV and the frequency. When the beam vibrates 
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at the mode frequency, the beam will have the largest vibration amplitude, which induces the 

largest MaxV due to the linear relationship between MaxV and the amplitude. 
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Figure 3‐13 Maximum velocities vs. applied frequency 

Figure 3-14 shows the MaxV versus air gap. The MaxV decreases rapidly as the gap increases. 

The energy of the air streaming mainly concentrates near the boundary of the air streaming.  
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Figure 3‐14 MaxV vs. Gap 

 

When only standing wave is excited in the beam, the velocity profile in the air streaming will be 



 46

different from the one with traveling wave. Figure 3-15 shows the x-velocity distribution along 

the longitudinal direction of the beam when the phase angle difference is 0. There is no phase 

angle difference in the velocity response at different time steps, which means there is no 

progressive wave produced in the air streaming.   

 
Figure 3‐15 The x‐velocity distribution along the length of the beam with Phase=0 

 

Figure 3-16 (a) and (b) show the x-velocity time response along x-direction with phase angle 90 

and 270 degrees, respectively. The amplitude crest moves along the traveling wave direction 

which can be clearly noticed in the figures. The wave crest motion direction reverses when the 

phase angle difference changes from 90 to 270 degrees. 
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(a) Phase angle difference =90 degrees 

 

(b) Phase angle difference = 270 degrees 

Figure 3‐16 The x‐velocity time response along beam length direction 
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When there is a phase angle difference between the two actuators, the x-velocity time response 

along the beam direction will have a phase angle difference correspondingly. The x-velocity crest 

inside the air streaming will move along the traveling wave direction. Figure 3-17 shows the 

relationship between MaxV and phase angle. When the phase angle difference reaches 90 degrees, 

the MaxV occurs. The x-velocity crest reverses at 270 degrees. This agrees with the experimental 

results in Figure 3-5.  
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Figure 3‐17 MaxV vs. Phase Angle 

 

In order to derive the equation of motion of the floating object, the time average velocity in 

x-direction has to be calculated. Figure 3-18 shows the inflow/outflow of the air streaming 

domain. Note that though there seems to be no net flow in one cycle, non-zero net flow does exist. 

Figure 3-19 shows the net flow time response. The net flow after one cycle is clearly non-zero. 

The net flow time response value is so small (in the scale of 10-9), but the time average net flow is 

still huge (1.49e-4 m/s) due to the tiny channel dimension (0.0508m x 1e-4m).  
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Figure 3‐18 Inflow/outflow time response 

 

Figure 3‐19 Net flow time response 
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Figure 3-20 shows the x-velocity time response. The calculated time average of x-velocity after 

one cycle is 246.43m/s. In the finite element model, the domain is set to be 2-D, and the inflow 

and outflow interfaces are set at the two ends of the domain. In reality, however, the air streaming 

domain is 3-D and the inflow/outflow interfaces are all around the beam. Assuming that all the 

inflow/outflow interfaces are at the same boundary conditions, the actual time average x-velocity 

should be (0.05+0.05)/(0.05+0.05+0.4)*246.43=49.3m/s which will be utilized to derive the 

motion of the floating object later. 

 
Figure 3‐20 The x‐velocity time response 

 

3.3.2.2 Sliding Film Theory 

In order to evaluate the motion of the levitated object, the acoustic streaming in the gap can be 

assessed as a sliding film with lateral motion as shown in Figure 3-21. 
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Figure 3‐21 Stroke streaming on the lateral motion 

In Sliding Film theory, it is assumed that the sliding film near the surface of the beam is 

isothermal and the pressure is constant during the movement of the beam. The basic governing 

equation and initial boundary conditions are:  
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where u is the film velocity, 

ν is the Kinematic viscosity, 

and 0U is the initial speed of the flat plane. 

To solve this equation, two variables are introduced:  
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Using the variables, the Equation (3-7) can be rewritten in terms ofη :  
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        (3-10)  

Solving the equation, it is obtained:  
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−= ∫ is an error function. 

The velocity distribution of Equation (3-11) is shown in Figure 3-22. At a certain location of the 

fluid field, the velocity increases with time, only when time reaches infinity does the velocity 

reach U0. At the same time, the velocity will decrease by )exp( 2y−  as the distance y increases. 

The energy of the air streaming mainly concentrates near the surface of the beam. 

 

 

Figure 3‐22 Velocity distribution 

The shear force of the fluid is expressed as: 
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The shear force in the sliding film then can be obtained by plugging Equation (3-11) into (3-12):  
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where μ  is the dynamic viscosity. 
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At the surface of the beam the shear force then becomes:  
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3.3.3 Motion of the Floating Plate 

 

Figure 3‐23 The forces acting on the plate at the longitudinal direction 

There are two forces acting on the beam shown in Figure 3-23. One is the shear force from the 

sliding film induced by the vibrating beam: 
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The other is the shear force due to the motion of the floating object but has a reverse direction on 

the plate: 

t
1xA56420AF wpp ν

μτ &.==               (3-16) 

The governing equation of motion of the plate is expressed as:  

xmFF pb &&=−              (3-17) 

where m is the mass of the transported object.  
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It is noted that the velocity of the acoustic streaming is imported from the time average flow 

velocity calculated from section 3.3.2.1.  

 

Figure 3-24 shows the simulated and experimental results. The plate gradually increases due to 

the shear forces acting on the object. The object finally reaches a stable velocity. There is a good 

agreement between the experimental displacement and the simulated result. 
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Figure 3‐24 The comparison between analytical and experimental 

3.4 Conclusion and Discussion 

For the purpose of reducing damage during handling precision products, one non-contact 

transportation system using Near Field Acoustic Levitation with two-mode excitations is 

developed. The transportation direction can be reversed when adjusting the phase angle 

difference. The dynamics of the air streaming between the beam and the levitated object is 

analyzed using Finite Element Method. The net flow is non zero when an ultrasonic flexural 

traveling is applied to the beam. The equation of motion of the floating object is derived based on 
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the Sliding Film Theory, which agrees with the experimental results. 

 

In conducting the sliding film calculation, the boundary condition of the fluid is simplified as the 

pure one-direction flow, which is normally considered as first-type Navier-Stokes problem. The 

flow in the acoustic streaming is actually the combination of pure flow and periodically 

oscillation, which means that it is a Navier-Stokes problem of first and second -type.  

 

In the second type of Navier-Stokes flow, the boundary condition of u is defined as: 

)cos( tUu 0 ω= . The solution of the above equation (3-17) under such boundary conditions is: 

           )cos( y
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   (3-18) 

Figure 3-25 shows the fluid dynamics profile at different time steps. The horizontal axis 

represents the dimensionless velocity, and the vertical shows distance in the variable of  

ν
ωη
2

y= . The velocity will decrease as the distance y increase, at certain location of y, on the 

other hand, the velocity will vibration in the frequency of ω .  



 56

 

Figure 3‐25 The fluid velocity profile at different time steps (from Engineering Mechanics Handbook) 
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4. Object Transport over Curved Path and 

Module-to-Module Connection 

4.1 Introduction   

 

Non-contact transportation system using Near-Field Acoustic Levitation can prevent the levitated 

object from scratching and contamination. The transportation on straight beam [1] [2] [3] has 

been successfully investigated by the scientists and it has potential application in industries 

especially in hi-Tech, such as silicon, disc and LCD factories.  

 

A straight beam is easy to fabricate with regular mode shapes which can be excited at a certain 

frequency. In some spaces with obstacle, however, the transportation through the obstacle may 

become a shortcoming for the straight beam. Though two orthogonal beams can make it through, 

the control method is required to make the object stop at the orthocenter position. Then the 

transportation continues to move on the other beam. It also occupies more space as well due to the 

orthogonal position of the two beams. During the transportation, it sometimes requires long 

distance transportation. Though a long straight beam can achieve the goal, the beam with one 

meter or more in length will, however, cause a great decrease in vibration amplitude.  
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Figure 4‐1 The transportation using a curved beam 

 

One curved beam is introduced to transport the object on a curved path, which can change the 

transportation direction as shown in Figure 4-1. The modal analysis is firstly proposed to find the 

optimal mode shapes and frequency.  An experiment is designed to investigate the Average 

Angular Velocity (AAV) with relation to the frequency, the phase, the amplitude, the M/A and the 

size of the moving object. The experimental results show that the curved beam can easily realize 

the transportation direction change and has a potential application in future applications.   

 

An experiment is conducted to see how an object is transported through two modules connected 

in series with a gap separating them. The connection gap is analyzed using Finite Element 

Method to layout the velocity and the pressure distribution in the gap. An experiment is set up to 

investigate the transportation performance over the gap area. The motion of the plate is found to 

be smooth when the speed is beyond one velocity threshold. 
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4.2 Object Transportation on Curved Path 

4.2.1 Modal Analysis of Curved Beam 

The dimension of the curved beam is shown in Figure 4-2 with the median radius of 400mm. The 

cross section of the beam is T-shape with dimensions shown in Figure 4-3. The edge of the curved 

beam is machined thinner than the middle part to prevent the floating object from falling off the 

beam. 

 

 
Figure 4‐2 The curved beam 

 

 
Figure 4‐3 The cross section of the curved beam 

 

Finite Element Method is utilized to investigate the mode shapes and the frequency response. In 
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the mode shape simulation, the boundary condition is free-free at both ends. The frequency range 

is set between 25K-27K Hz. The simulation results are shown in Figure 4 (a) through (c). The 

corresponding frequencies for these three modes are 26.19 kHz, 26.52 kHz and 26.68 kHz, 

respectively. At each of these frequencies, the mode shape of the curved beam is simple and 

uniform. If the beam is actuated at these frequencies, it can produce a more desired progressive 

wave to move the object.  

 

   
(a) Frequency of 26.19 kHz (b) Frequency 26.52 kHz 

 

(c) Frequency 26.68 kHz 

Figure 4‐4 The mode shapes of circular beam 
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The harmonic analysis is conducted to find the optimized frequency where it has the maximum 

vibration amplitude. The results are shown in Figure 4-5. The optimized frequency can be found 

at 25K Hz, 27K Hz on etc.  

 

 

(a) Amplitude vs. Frequency 

 

(b) Phase angle vs. Frequency 

Figure 4‐5 Bode plot of frequency response 

 

From the analytical results shown in Figure 4-4 and Figure 4-5, the optimized frequency at around 

27 kHz is chosen. When actuated in this range, the vibration will have a good mode shape as well 

as large vibration amplitude. 
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4.2.2 Experiment Results 

Similar to Figure 3-1, the experiment consists of one Aluminum curved beam, two Langevin type 

Transducers (BLT) and two mechanical horns. The vibration displacement of the transducers is 

amplified by the mechanical horns. The position for attaching the horn to the beam is defined at a 

length of  4/λ  from the end. A video camera is used to capture the motion which is then 

analyzed using MatLab to derive the position with respect of time. The video camera has a frame 

rate of 24 fps with a resolution of 320x240 pixels.  

 

As before, the plate is marked with an obvious dot at the center. From the frames, the position can 

be obtained by deriving the position of the marked dot where it has the maximum intensity. The 

speed can then be derived by differentiating derived displacement with respect to time. Figure 4-6 

shows the frames derived from the video, where the marked dots can be observed at the center of 

the plate. Figure (a) shows the entire picture acquired by the video camera. Figure (b) shows the 

one after cropping only the interesting region is kept and (c) shows the picture after converting to 

binary image. From (c), the position can be derived by obtaining the location of the while dot.  
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(a) The Whole picture         (b) The cropped picture 

 

(c) The Binary picture  

Figure 4‐6 The Images after processing 

Figure 4-7 shows the position results derived from the video. The actuator frequency is 26.5 KHz, 

the phase angle difference between the two actuators is 90 degrees and the input voltage is set to 

be 300Vp-p. Figure 4-7 (a) and (b) are the X-position and Y-position with respect of time, 

respectively. At the beginning of the motion, the plate firstly levitates rapidly and then accelerates 

slowly due to the shear force of the air streaming. Figure 4-7 (c) shows the motion locus of the 

floating object. Because the scale of X and Y axis are different, the locus doesn’t show a circular 

shape. The larger amplitude along the edge of the beam keeps the object from flowing out of the 
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curved path of the beam.  
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(a) X-position vs. time 
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 (b) Y-position vs. Time 
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Figure 4‐7 Position data derived from video 
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4.2.3 Transportation Performance 

The transportation performance in terms of the frequency, the phase angle, the input power, the 

M/A and the size of the floating object is investigated. Due to difficulty to derive the transient 

angular velocity, the AAV (Average Angular Velocity) is adopted instead to interpret the 

experiments data.  

 

Figure 4-8 shows AAV with respect of frequency. The transportation direction reverses when 

adjusting frequency. This is because that when actuated at different resonant frequencies, the 

wave propagation direction of the wave will be reversed [5]. The motion is, however, unstable.  
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Figure 4‐8 AAV vs. Frequency 

 

The AAV with respect to the phase angle difference is shown in Figure 4-9.  There are four 

curves, each of which keeps one phase angle zero and the other increases/decreases. The four 

curves correspond well with each other. This means the excellent viability and stability to reverse 

the transportation direction by adjusting phase angle difference.  
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AAV vs Phase

-0.4

-0.2

0

0.2

0.4

0 2 4 6 8

Phase(rad)

A
A
V(
r
a
d
/s
)

PHA:  0  PHB: incr PHA:  0  PHB: decr

PHA:incr PHB:   0 PHA:decr PHB:   0
 

Figure 4‐9 AAV vs. Phase angle 

 

Figure 4-10 shows the AVV with respect to M/A, the AVV is nearly linear to the M/A. Figure 4-11 

is the relationship between AAV and input power. When the input power is less than 100Vp-p 

there is no transportation. Otherwise the AVV increases as the input power increases. The gentle 

slope may be due to the saturation of the power amplifiers.  
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Figure 4‐10 AAV vs. M/A 
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AAV vs Vin
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Figure 4‐11 AAV vs. Input power 

The size of the floating object is also investigated as shown in Figure 4-12. When the floating 

plate is too small or too large, no transportation is generated. The smaller dimensions than the 

wavelength cause no levitation of the moving objects, thus causing unstable transportation. The 

larger dimension than the width of the curved beam makes the M/A rising due to the outer part of 

the plate. No transportation is produced in these cases.  
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Figure 4‐12 AAV vs. Size 
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4.3 Transportation over ModuletoModule Extension 

4.3.1Theoretical Analysis on the Gap  

The dynamics of air streaming both on the top of the beam and over the connection gap is 

simulated. Here the gap represents a physical separation between the two transportation systems, 

which, for convenience, will be called modules. The boundary conditions at the bottom of the 

fluid domain are applied with the traveling vibration of a flexural beam. The gap shown in Figure 

4-13 has a separation of 0.01m. 

 
Figure 4‐13 The simulation result 

 

Figure 4-13 shows the x-velocity profile of the air streaming at time t=3.8e-5 second. Different 

gray scales represent different x-velocity. Figure 4-14 shows the x-velocity distribution in the gap 

and on the beam, respectively. The maximum velocity in the gap is only 0.014m/s, while the 

x-velocity on the top of the beam is 0.07m/s.  
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(a) in the gap 

 

(b) on the beam 

Figure 4‐14 The x‐velocity distribution along x‐direction at time=3.8e‐5s 

 

Figure 4-15 shows the relationship between MaxV and the gap size where the vibration amplitude 

is 3 micrometers. When the gap is 0.005 meters, the MaxVwill have the largest value, which, 

however, is much smaller compared to the maximum x-velocity of the air streaming on the beam. 
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The x-velocity w/ Gap
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Figure 4‐15 The x‐velocity vs. Gap 

Figure 4-16 shows the MaxV with respect to gap size with different vibration amplitudes. It can 

be seen that even though the amplitude changes, the gap with the largest MaxV is constant at the 

optimal gap size of 0.005 m. 
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Figure 4‐16 The MaxV vs. Gap 

Figure 4-17 shows the relationship between the MaxV and the vibration amplitude at the gap size 

equal to 0.005 meters. It is concluded that when the beam vibration amplitude increases, the 

MaxV in the gap increases linearly.  
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The MaxV vs.Amplitude
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Figure 4‐17 The MaxV vs. Amplitude 

The x-velocity in the gap is much smaller than that on the top of the beam, which means the 

dynamics of the air streaming has little effect on the levitated object when it passes through the 

connection area.  

4.3.2 Experiment Setup 

 

The schematic of the experiment setup is shown in Figure 4-18. There are two separate 

transportation modules serially aligned in one direction as shown in (a). The gap between the two 

systems can be manually adjusted. Each module consists of one Aluminum beam, two Langevin 

type Transducers (BLT) and two mechanical horns. Each transducer is power by a Trek PZD350 

amplifier. A video camera is placed right above the gap position, in (b), to capture the motion 

through the gap. The measured area is between the two actuators where the gap lies in the middle 

of the range.  The resolution of the video camera is 0.0004 m/pixel and the frame rate is 30fps.  
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(a) The experiment setup  
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(b) The connection area measurement  

Figure 4‐18 The system setup 

The captured video is processed in Labview to derive the position and velocity of the moving 

plate. The moving plate is marked with a circular dot which can be recognized by Labview. The 

image in the video is firstly cropped to a small region where only the interested area is kept. 
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Figure 4-19 shows this process where the bright area is kept and the rest is cropped.   

 

Figure 4‐19 Labview: Image crop 

 

The black dot is detected by a Labview function to get the position in the unit of pixels. Figure 

4-20 shows the parameter setup and the derived position data. The position of the marked circle in 

the image is detected, and the information is expressed as number, quality, radius, center X and 

center Y position.  
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Figure 4‐20 The position derivation 

 

4.3.3 Experiment Results 

The transportation performance over the gap is investigated. Three plates of different size are 

used in this experiment. Figure 4-21 shows a series of position and velocity plots where the gap is 

set to be 0.5mm. First, a plate of 24.8×24.8mm is examined. In Figure (a), the area between the 

dashed lines is the connection area. The position curves which pass through the dashed area show 

a smooth motion through the connection area. While the position curves stop in the dashed area 

represent those trials that fail to pass through the area. Figure (b) is the corresponding velocity 

plot where the velocity threshold under such conditions are found to be 0.15 m/s.  
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(a) Position vs. time 

 

(b) Velocity vs. time  

Figure 4‐21 The Speed distribution 

 

There are three typical motions of the plate when it passes through the connection area as shown 

in Figure 4-22. The length of the connection area along the beam direction in this case is 10 cm 

and the velocity is 0.09 m/s. When the speed of the plate is below the threshold, the plate will stop 

right at the connection area as the first curve shown in the figure. When the speed is above the 

threshold, the plate moves over the gap smoothly as the third curve. When the speed of the plate is 

near the threshold, the speed will reduce a little but continue to pass over the connection area as 
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the second curve shows.  

 

Figure 4‐22 The motion of the plate 

 

Figure 4-23 shows the speed threshold with different gap distance where the plate size is 32× 

32mm. When the gap size is smaller than 5mm, the speed threshold will rise in a relatively high 

rate as the gap size increases. In this case, the plate only has to overcome its momentum to 

continue travel on the beam. When the gap is larger than 5mm, the speed threshold will rise 

relatively slowly compared to the ones below 5mm. When the gap continues to grow, the size of 

the plate becomes another issue that determines the threshold.  
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(a) Threshold for plate1  

The Velocity Threshold vs.Gap
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(b) Threshold with different plates 

Figure 4‐23 Speed threshold 

 

Table 4-1 is the speed threshold where the gap size is 5.6mm. When the plate size is small it will 

require a large speed to make it pass over the gap, while the larger plate requires smaller speed to 

pass over.  
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Table 4‐1 Speed Threshold 

Plate size(mm × mm) Speed threshold(m/s) 

24.8×24.8 0.114 

32×32 0.1 

35×35 0.07 

 

4.4 Conclusion and Discussion 

 

The curved beam transportation characteristics are investigated. The FEM mode analysis of the 

beam is conducted, and the optimal frequency with good mode shape is found. The AAV is 

utilized to investigate the motion performance of the object with respect to phase angle, input 

power, frequency and the size of the object. The transportation on the beam can be reversed by 

adjusting the frequency or phase angle. It is viable to utilize the curved beam to realize the 

transportation direction change.  

 

The centripetal force to attract the angular motion of the floating plate arises from the larger 

vibration at the thinner edge. Therefore the floating object may fall off the beam if the force 

cannot constrain it. The ratio of success on the transportation is discussed to find the best 

condition for the transportation. 
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Figure 4‐24 The Force to constrain the plate on the beam 

 

Figure 4-25 shows the success rate in motion of the floating plate (the ratio of successful cases 

over the all trials). When the phase angle is in the range of 60~120 and 240~300 degrees, the 

transportation will have a higher success rate. Especially, when the phase angle is in 90 and 270, 

the transportation is completely successful.  
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Figure 4‐25 The ratio with respect of Phase angle 

 

The characteristics of the serial connection of two straight beams are also investigated. There is a 

speed threshold for different floating object passing through different connection area. The object 

can pass through the gap smoothly when the initial speed is above speed threshold.  
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5. Cylinder Rolling Induced by Acoustic 

Streaming  

5.1 Introduction 

When a flat light object is placed on a flexural beam, where a traveling wave is produced by 

two-mode excitation, the object can be transported both in a contact and non-contact mode.  In 

the contact mode, the contact friction force drives the object move along the beam [1]-[3]. While 

in the non-contact mode, Near-Field Acoustic Levitation is the main factor that levitates and 

transports the object [4]-[7]. In these cases, the transported object is flat and light. What will 

happen if the transported object is circular such as a cylinder?   

 

In this chapter, the research is extended to investigate the rolling motion performance where a 

cylinder is placed underneath a vibrating beam. A flat substrate parallel to the beam surface is 

placed underneath to support the cylinder. The drive force is numerically analyzed both in the 

contact mode and the non-contact mode. The simulated motion in the non-contact mode is 

consistent to the experimental results.  

5.2 Prototypes Design 

As shown in the Figure 5-1, the prototype consists of a beam and modules that contain 

piezoelectric actuators and horns. The beam is 50.8 mm wide, 3.175 mm thick and 400 mm long. 

The piezoelectric actuators are Bolted Langevin-Type transducers, whose resonant frequency is 

25.6 KHz. The vibration displacement of the transducers is amplified by the mechanical horns. 
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The position to attach the horn to the beam is defined at a length of  4/λ  from the end. 

Two-mode excitation is used to generate the progressive waves. The vibration can be 

approximated by a superposition of two modes that have natural frequencies closest to the 

excitation frequency.  

 

A hollow rubber cylinder with inner diameter 16.40mm, outer diameter 21.90mm, and width 

10.66mm is used to represent the cylindrical object because of its high friction factor. The 

cylinder is placed on a supporting substrate, whose height can be manually adjusted by a 

micrometer so that the gap between the object and the beam can be controlled. The rolling motion 

of the cylinder is captured by a video camera. The cylinder position data is then derived from the 

video file in MatLab. The sectional profile of the cylinder takes 30 pixels in the image.  

 

 

Figure 5‐1 Prototype system with a rubber cylinder 
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5.3 Experimental Results 

Experiments were conducted with 400V excitation signal to obtain consistent rolling motion. The 

flow chart for deriving data is shown in Figure 5-2. The video is captured and then imported into 

MatLab workspace. The video file is then divided into frames, and on each frame; the cylinder is 

marked with a dark dot in the center. Then, the position can be obtained by calculating the 

intensity, and the speed can then be obtained by differentiating derived displacements with 

respect to time. 
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Figure 5‐2 Video processing flowchart 

 

Figure 5-3 shows the experimental plot of the motion detected in a span of about one minute. Two 

modes of actuation were shown in the plot. At first, the cylinder came in contact with the 

vibrating beam, and the resulting motion was about 1.5 mm/sec due to friction. When the beam is 

manually lifted slightly using micrometer, the contact is lost and the resulting motion is a rather 

fast 17.5 mm/sec motion due to acoustic radiation pressure induced by the traveling waves. Note 

that the direction of motion is opposite to that of the friction-based motion as expected. This 



 88

procedure was repeated four times and plotted as shown in the figure. In the meantime, the rolling 

resistance between the objects and the support surface is reduced by using silicon as the support 

for the rubber cylinder. 
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Figure 5‐3 Cylinder rolling motion plot 

5.4 Modeling and Analysis 

5.4.1 Friction-Based Cylinder Rolling 

For the analysis of friction based cylinder rolling, please refer to Chapter 8.4 in Appendices 

which was developed by Dr. Ro and Qunyi Chen. Acknowledgement goes to them for their 

contributions to this chapter.   

5.4.2 Non-Contact Cylinder Rolling 

 

The dynamics of the air streaming between the cylinder and the vibrating beam is conducted with 

Rolling from friction force 

Rolling from acoustic radiation force
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Finite Element Method. The fluid domain is set to be a rectangle with a cylinder top in the middle. 

The distance between the top boundary of the domain and the cylinder top is set to be 0.0005 

meters. The top boundary of the domain is set to be the vibration of the beam. The physical 

parameters of fluid domain are air streaming. Figure 5-4 shows the x-velocity profile at time step 

=3.8e-5, the velocity is much larger where it is right on the top of the cylinder. 

 

Figure 5‐4 x-velocity profile at time =3.8e-5s 

 

Figure 5-5 shows x-velocity time response at different location, the location of the desire points 

are defined as: make y constant as 1.8e-3m and sample the points of interest at different x location.  

The time response with the largest x-velocity amplitude is where the sampling position is just at 

the top of the cylinder  
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Figure 5‐5 X-velocity time response at different location 

 

Figure 5-6 shows the velocity distribution along x-direction at different time steps. The 

velocity has the maximum value where it has the smallest clearance between the cylinder and 

the vibrating beam, meaning that the velocity intensity mainly focuses in the nearest location 

to the cylinder. 
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Figure 5‐6 The velocity distribution at different time step 

 

The flexural progressive wave produces two unidirectional forces on the object in the gap. One is 

the normal direction and increases the normal load of the object, and the other induces the near 

boundary streaming in the tangential direction. The velocity gradient of the near boundary 

streaming on the surface of the object produces the viscous shear force. This force causes the 

object to move in the wave propagation direction. In the Figure 5-7, the psN  is the normal force 

between the object and supporting surface; psf  is the friction force between the object and 

supporting surface; pG is the gravity of the object; ptF  is the equivalent normal force at the 

center of object from acoustic radiation pressure; pnF  is the equivalent tangential force at the 

center of the object from air streaming; and pM  is the equivalent moment acting on the object in 

the acoustic pressure and streaming field.  
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Figure 5‐7 Dynamic model of rolling in acoustic radiation field 

 

The EOM of the cylinder is derived based on sliding film theory as shown in Figure 5-8. In the 

translational direction there are only two forces acting on the cylinder: one is shear stress force 

induced by the acoustic streaming and the other is the friction force between the support surface 

and the cylinder.  

  
Figure 5‐8 The analytical parameters 
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The shear stress in the fluid domain is expressed as:  
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Where μ  is the dynamic viscosity, u is the fluid velocity, ν is the Kinematic viscosity and 

0U is the traveling wave speed of the beam. The force acting on the cylinder is expressed as:  
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Where W is the cylinder width, r is the cylinder radius and g is the gap between the beam and the 

cylinder. 

This equation involves with a factor of )exp(
t4

y2

ν
−  , so it is hard to get the integration of 

equation (5-1). Some simplifications are conducted to assess the force:  

 

The shear stress on the cylinder is considered as a constant value in the middle of the contacted 

surface. Then the force is just the shear stress times the cylinder surface. 
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And the area of the cylinder surface is:  
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So the force acting on the cylinder is expressed as:  

 

AF wapt τ=                         (5-5) 

In this case, r
2

0y1yg <<
−

+
)( . The applied location of shear stress force can be assumed to be 
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at the top of the cylinder. Notice that the motion of the cylinder is a pure rolling, so the friction 

force can be derived as:  
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where the negative sign means the friction force has the same direction as the shear force. 

 

The force to drive the cylinder in plane motion is:  
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The EOM of the cylinder is non-linear and is simulated in MatLab. The gap is set to be one half of 

a millimeter, the radius of the cylinder is 10mm, the mass is 10 g, and y0=0.5mm and y1=1mm. 

The simulation duration is set to be 1.5 seconds. The results are shown in Figure 5-9. The force 

acting on the cylinder rolls the cylinder, and after 1.5 seconds, the motion distance reaches 15mm 

and the velocity reaches 18mm/s, which corresponds well to the experimental results. 

   

(a) Displacement vs. time       (b) velocity vs. time 

Figure 5‐9 The simulated results and comparison to the experimental results   
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5.5 Conclusion and Discussion 

 

The cylinder rolling experiment underneath an ultrasonic flexural vibrating beam is conducted. 

There are two modes of motion: one is due to contact with beam where the driven force is induced 

by friction force between beam and cylinder, and the other is non-contact mode, where the driven 

force is induced by acoustic streaming. Both modes can roll the cylinder smoothly. The motion 

direction induced by friction force is opposite the traveling wave direction, while the motion 

direction induced by acoustic streaming has the same direction as traveling wave.  

 

The EOM of the cylinder driven by acoustic streaming is derived based on sliding film theory, and 

the analytical results agree well with the experimental results.  The motion velocity induced by 

acoustic streaming is larger than that by friction force. The disadvantage of the friction-based 

drive is its sensitivity to the material property, surface physics and chemistry condition, humidity, 

and temperature. The disadvantage of acoustic streaming actuation is the acoustic streaming and 

non-uniformity of the force field, which makes precise positioning very difficult. 
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6. Position Control on Non-Contact 

Transportation System Using Near-Field 

Acoustic Levitation 

6.1 Introduction 

In automated manufacturing and processing industry, for a transportation system, it not only 

transports the object but also locates it in desired position for detection or processing. Stopping 

the power supply when the object reaches the desired position may be workable. The contact with 

the surface of the beam will, however, create scratches and contaminate the products. A stop-go 

control is then indispensably needed to not only levitate and transport the object but also make it 

stay at the desired position. 

 

In this chapter, a close-loop experiment setup is carried out to investigate the control effect. A 

high-performance vision module is adopted to acquire precise and real-time control. Since 

changing phase angle difference between the two actuators can reverse the transportation 

direction, phase angle difference is introduced as the control input. Traditional PID control is 

firstly conducted because its popularity. Single Neuron Method and Sliding Mode Control are 

then devised to explore their applicability in this system.  



 99

6.2 Experiment Setup 

6.2.1 System with Labview/Vision Builder 

The layout of the control system using Labiew/Vision Builder is shown in Figure 6-1.  

 
Figure 6‐1 The system schematic 

 

The motion of the object is captured by a digital camera. The camera is Basler CMOS 

monochrome with frame rate of 30 fps. The frame grabber board with IEEE 1394 interface can 

instantly capture the frames from the camera and send to the vision builder program for position 

derivation.  

 

To facilitate the processing, the object is marked with a dark dot as shown in Figure 6-2. In the 

vision builder program, a circle detection method is utilized to derive the position of the dark dot. 

The derived position is then imported into Labview workspace where the control algorithm is 

adopted to generate appropriate commands for the transportation system. The command codes are 

then sent to the function generator by Instrument I/O. the Instrument I/O is one function panel in 
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Labview which provides the communication protocol with the function generator. The computer 

is connected to the function generator with one GPIB high speed interface. The function generator 

produces the controlled signal to drive the power amplifiers. The desired traveling wave will be 

produced according to the reference signal. 

 

 
Figure 6‐2 The marked dark dot on the object 

 

In order to use phase angle difference as the control parameter, the relationship between force and 

the phase angle is linearlized as shown in Figure 6-3. The output value is limited between -90 

through 90. When the value is below zero, the command code will automatically add 180 to the 

absolute value of the control value. So the phase angle range will be between 270 and 360 

degrees.  
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Figure 6‐3 The linearization of the control input 

 

In the experiments, the camera is set at a resolution of 800x600 with frame rate of 30 fps. The 

video capture and processing cost about 30ms, and the timeout in communication with the 

function generator is set to be 30ms. The unit of position is pixels which represents 0.4 mm/pixel. 

6.2.2 System with Interface Programmed in Visual Basic  

Labview/Vision Builder or MatLab/Video Acquisition and Processing can capture the video, 

process it and derive the data from the video. Labivew, the workbench itself, however, occupies 

too much computer resources, which causes the computer to run slowly. So does the MatLab 

workbench. To resolve the problem, the control system is updated to one using programming 

language -Visual Basic. Figure 6-4 is one snapshot of the interface programmed by Visual Basic. 

This can improve the computer performance because of no workbench is running to support the 

control system during the experiment.  
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Figure 6‐4 Control Interface Using Visual Basic 

 

There are four main functions programmed in Visual Basic: 

 

(1) Camera Capture Function  

This function is utilized to trigger the capture command so that the camera can capture the motion 

video for next processing.   

 

(2) Image processing  

National Instrument Inc. provides a series of image processing controls that can be directly 

utilized in visual basic. Like circle detection function, it can be referred directly to find the object 

location in the image.  

 

(3) The Control Algorithm  

In this function, the control algorithm is written into visual basic codes. The function import the 

position data derived from the video and calculates the output that is going to be sent to the signal 

generator.  

 

(4) Communication with Signal Generator 
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This is a GPIB interface connection. In Visual Basic, an object is created which can communicate 

between the computer and the signal generator. 

 

6.3 Experimental Results 

6.3.1 PID Control Using Labview 

Step signal is firstly set as the reference. Figure 6-5 and 6-6 show the stop control results.  The 

step signal in Figure 7-5 is with the falling edge. The step height is set to be 120mm.  The PID 

gains are: Kp=1, Ki=0.3, Kd=1. In Figure 7-6 the step signal is with the rising edge, and the step 

height is set as 160mm. The object can stop at any desired position. The time to reach the step 

height was less than 2 seconds.  

 

Figure 6‐5 The step signal control with falling edge 
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Figure 6‐6 The step signal with rising edge 

 

Figure 6-7 shows the square wave response. When a square wave is set as the reference, the object 

can go back and forth and stop at desired locations. The error plot is shown in (b).  The error is 

small when the object reaches a steady location. The time delay, however, makes the error larger 

during the motion.  
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Figure 6‐7 The square wave response 

6.3.2 Control Effect Using Visual Basic 

(1) Traditional PID control 

The traditional PID control was firstly investigated. The control input is the same as in 6.3.1. 

Figure 6-8 shows the experimental result when a reference signal is set to be 500 pixels, where 

x-axis is the sampling number with a sampling rate of 4 Hz and y-axis is the position in unit of 

pixel. Figure 6-9 shows the simulated results which has the same trend as the experimental results. 

The PID method is simple and easy to realize. With this method, the object can reach the 

reference position after overshoot. But for the high non-linear system, like the non-contact system 
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using NFAL, it is not easy to build a precise mathematic model and the control effects are 

generally unsatisfied. It also takes a long time (20 seconds) for the object to reach the reference 

position.  

 

Figure 6‐8 Control experimental results under traditional PID algorithm 
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Figure 6‐9 The simulation results 

Figure 6-10 shows the tracking result with a square wave, the period of the square wave is set 

to 20 seconds. Because the force acting on the floating object is induced by acoustic 
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streaming, which is very small and has a very small damping ratio, the error of the control 

result is still large.  

 

(a) Square wave tracking 

 

(b) Error Plot 

Figure 6‐10 Square Wave Tracking 
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(2) Single Neuron Method 

Single Neuron Method is then introduced to conduct the control because of its simple structure, 

quick response, self-adaptation, and good robustness.  

 

The neuron is the basic information processing unit of a Neural Network. It consists of: 

 

(1) A set of synapses or connecting links, each link characterized by a weight:  

m21 WWW ......,  

(2)An adder function (linear combiner) which computes the weighted sum of the inputs. 

(3) Activation function (squashing function) for limiting the amplitude of the output of the 

neuron.  

 

There are several typical training methods:  

 

(1) Hebbian training without supervision  

The algorithm of Hebbian training is: the simultaneous activation causes increased synaptic 

strength. Asynchronous activation causes weakened synaptic connection. The training can be 

expressed as:  

)()()( kokokw ijij ηΔ =      (6-1) 

where jo is the activation value of the ith neuron and η  is the learning step.  

 

(2) Delta training with supervision 

In the Hebbian training, introduce a tutor signal, that is, the jo  is replaced by the difference 

between ideal output and actual output.  
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)())()(()( kokokdkw ijjij −=ηΔ     (6-2) 

 

(3) Hebbian training with supervision 

Combining (1) with (2) comes out the Hebbian training with supervision: 

)()())()(()( kokokokdkw ijjjij −=ηΔ   (6-3) 

Figure 6-10 shows the single neuron control structure.    

 

 

Figure 6‐11 The self‐adaptive PID control structure with a neuron 

The control algorithm and the training method are expressed as: 
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where )()()( 1kerrorkerrorkx1 −−=  

)()( kerrorkx2 =  
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)()()()( 2kerror1kerrro2kerrorkx3 −+−−=  

lη  is the learning step, which has different value for P, I, and D respectively.  

K is the proportional factor for the neuron. 

Experiments show that the adjustment of PID parameters is mainly related to )(kerror  

and )(kerrorΔ , so the above control algorithm can be improved by changing 

)(kxi into )()( kerrorkerror Δ+ . Then the improved control algorithm is:  
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Where )()()( 1kerrorkerrorkx1 −−=  

)()( kerrorkx2 =  

)()()()( 2kerror1kerrro2kerrorkx3 −+−−=  

)()()( 1kerrorkerrorkerror −−=Δ  

)()( kerrorkz =  

 

The control algorithm is programmed in Visual Basic as a function with the error input as the 

variable. Figure 6-11 shows the experimental result using Hebbian training without supervision 

where the reference is set to be 500 pixels. The object oscillates below the reference signal.  
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Figure 6‐12 The experiemnal result using Hebbian training w/o supervision 

Fgiure 6-12 is the control results using Hebbian training with supervision. Aftern adding 

supervision the system become more accurate compared to the one without supervision. 

 
Figure 6‐13 The experimental control result 

 

With the Single Neuron Method, the floating object reaches the referral position fast than the PID 

control. The dynamic error, however, becomes larger and the system becomes more oscillatory.  
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(3) Sliding Mode Control 

Though PID and Single Neuron Method can stop the object at desired location, PID method has 

overshoot problem and large settling time while Single Neuron Method produces larger error. 

During the control experiments, the output signal keeps changing the phase angle difference 

between the two actuators, which makes the aerodynamics in the gap unpredictable. The 

environment change, such as a breath or motion of human body, will impact the aerodynamics in 

the gap as well.  

 

Sliding Mode Control is then introduced in this section due to its low sensitivity to disturbance 

and system parameter variations. Sliding Mode Control can be used to stabilize a single input 

linear/non-linear system. Another advantage of Sliding Mode Control is that it has no 

requirement on the continuity of the system and that it can be discrete in itself, which is even 

easier for programming in Visual Basic.  

 

The error dynamics of the system can be represented as:  

  (6-10) 

where u denotes the control input and Fa is the force induced by the air on the top of the floating 

object.  

Define the sliding surface as:  

   (6-11) 

where ;  is the reference position of the floating object. 

Let the control law be the following:  

   (6-12) 

In order to easily program in visual basic, the sgn() function is replace by a saturation function. 
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Then the sliding surface becomes  

  (6-13) 

According to the Lyapunov candidate function: 

 
Then the condition is obtained as:  

    (6-14) 

Figures 6-13 and 6-14 show the control experimental results with Sliding Mode Control at 

different sampling frequencies and reference signals. The object moves directly to the reference 

location without overshoot. The settling time is 1.5 seconds in Figure 6-13 and 0.8 seconds in 

Figure 6-14, respectively, which are much smaller than PID and Single Neuron Method. 

Increasing the sampling reduces the settling time, and the control has a more stable and 

harmonious results.  

 

Figure 6‐14 Control result with sampling of 8Hz 
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Figure 6‐15 Control results with sampling of 14Hz 

6.4 Conclusion and Discussion 

A close-loop control system was set up to investigate the control results for the non-contact 

transportation system. The hardware of the system is updated from Labview/Vision Builder to the 

interface with Visual Basic programming. Visual Basic interface is more effective and fast than 

the old one. Several algorithms were programmed in Visual Basic and investigated. PID control 

can reduce the error but requires a large settling time and produces overshoot. With Single 

Neuron Method, the settling time is reduced but creates larger dynamic errors. When adopted 

with Sliding Mode Control, the settling time was reduced to 0.8 seconds, and the overshoot issues 

were also resolved. The oscillation, however, still exists in the system.  

 

The object will not stop even the phase angle difference reverses to another 90 degrees due to the 

very small shear force induced by the flexural vibration. Figure 6-15 shows the motion curve 

where the phase angle is set to 90 degrees and the initial speed set to a value whose direction is 

opposite to the wave prorogation direction. A different slope at the starting point represents a 
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different initial speed.  When the initial speed is large enough, the object will continue to move 

along the beam in almost the same speed as the initial. When it is lower than a certain value, the 

object will stop at certain position and reverse the motion direction.  

 

Figure 6‐16 Motion curve 

 

Figure 6-16 is the end velocity with different initial velocities. The X-axis represents initial 

velocity and y is the corresponding end velocity. When the initial velocity is below 18cm/s, the 

object will finally stop on the beam and reverse the transportation. But when the initial velocity is 

larger than 18cm/s, the object will pass through the whole beam length without stopping.  
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Figure 6‐17 End velocity with different initial velocity 

 

This phenomenon makes the control difficult to conduct successfully, because even when the 

phase angle difference is reversed to its maximum value, the object tends to continue moving 

along the beam length without stopping. Only when the initial velocity is small enough, does the 

control algorithm has any feasibility. 
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7. Conclusion  

7.1 Remarks on Validation of NearField Acoustic Levitation   

In order to fully understand the phenomenon of Near-Field Acoustic Levitation, an initial 

experiment was set up to check the validation of the levitation equation. The experiment consists 

of one flexural plate as the vibrating surface, one piezoelectric actuator and a mechanical horn. 

The amplitude was measured by a capacitance gage and the levitation by a laser meter. When the 

flexural plate was excited at the frequency of 16.7 kHz with an input voltage of 350v, a flat object 

with M/A =1.5 Kg/m2 was levitated with a clearance of 30 micrometers.  

 

The Near-Field Acoustic Levitation equation was theoretically derived based on acoustic 

radiation pressure. Compared to the experimental results, the levitation distance is proportional to 

the input power and inversely proportional to the M/A, which initially confirms the validation of 

the levitation equations.  

 

7.2 Remarks on NonContact Transportation system 

The non-contact transportation system using Near-Field Acoustic Levitation was investigated 

both experimentally and theoretically.  

 

(1) A prototype, which consists of an aluminum beam (50.8 x 3 x 400 mm), two piezoelectric 

actuators and mechanical exponential horns, was manufactured and assembled. A vision system 

was adopted in the experiment to measure the motion of the levitated object. When the system 

was actuated with the frequency 25.6 kHz, the input voltage 300v, and the phase angle difference 
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90 degrees, a flat object, which weighs 4g with a radius 36mm, can be instantly levitated, and 

gradually accelerated to a steady speed up to 17 cm/s.   

 

(2) The dynamics of the air streaming between the beam and the levitated object was analyzed 

using Finite Element Method. Though the net flow after one cycle is in the scale of 10-9, this 

non-zero tiny value still makes the time average velocity huge due to the small clearance of the air 

streaming. With an amplitude 3 micrometers, a phase angle difference 90 degrees and the 

frequency 25.6 kHz, the time average velocity along the beam direction was found to be 49.3 m/s.  

Sliding Film Theory was adopted to derive the shear force acting on the transported object, which 

is found to be highly non-linear as indicted in Equation (3-13). In the transportation direction, 

there are two forced acting on the floating object, one is the shear force induced by the acoustic 

streaming which applies to the bottom surface of the object, and the other is due to the motion of 

the object which is acting on the top surface of the object.   The equation of motion of the 

floating object is then proposed and simulated in MatLab, which agree well with the experimental 

results.  

 

(3) The transportation characteristics on a curved beam were investigated. The prototype of the 

system is similar to that in Chapter 3 except that a 90-degree circular beam with median radius of 

400 mm replaced the straight beam. Finite Element Method was conducted to check the mode 

shapes of the beam and the optimal frequency. The optimal frequency around 27 kHz is found to 

have a uniform mode shape.  In the experiments, when the curved beam was excited at 26.5 kHz, 

90-degree phase angle difference and 300v input voltage, the floating object can be transported on 

the curved beam with the AAV of 0.24 rad/s. The AAV with respect to the phase angle, the input 

power, the frequency and the size of the object was also investigated. The transportation on the 

beam can be reversed by adjusting the frequency or phase angle, which has the same performance 

as the straight beam. The centripetal force to attract the angular motion of the floating plate arises 
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from the larger vibration at the thinner edge. The floating object therefore may stop moving when 

the input power is less than 100v and flow out of the beam sometimes when the input power is 

larger than 400v. A new method to produce enough attraction force is needed to keep the floating 

object staying on the beam.  

 

(4) The characteristics of the serial connection of two straight beams were also investigated. 

There is a speed threshold for different floating object passing through different connection area. 

For a floating object with 32x32 mm, the speed threshold for a gap size 5.6mm is 10cm/s. The 

threshold is related to both the gap size and the size of the floating object. There are three typical 

motions when the floating object passes through the gap. When the speed of the plate is below the 

threshold, the plate will stop right at the connection area. While the speed is above the threshold, 

the plate moves over the gap smoothly. When the speed of the plate is near the threshold, the 

speed will reduce a little but continue to pass over the connection area.  

 

(5) A close-loop system with a vision system was set up to investigate the control effects of the 

non-contact transportation system. The system using Labview/Vision Builder was updated to the 

interface programmed in Visual Basic. Several algorithms were programmed in Visual basic and 

investigated. PID control was firstly conducted, which can transport the floating object to the 

reference position. But the control had overshoot problem and the settling time can take up to 20 

seconds. Single Neuron Method was then adopted and conducted due to its simple structure, 

quick response, self-adaptation, and good robustness. This method solved the settling time and 

overshoot issues. It, however, caused large dynamic errors. During the control experiments, the 

output signal keeps changing the phase angle difference between the two actuators, which makes 

the aerodynamics in the gap unpredictable. Sliding Mode Control is then introduced due to its low 

sensitivity to disturbance and system parameter variations. The control results had no issue in 

settling time (1 second) and overshoot, and the dynamic error reduced as well compared to the 
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Single Neuron Method. The floating object is, however, oscillating around the referral position 

which may arise from the sensitive shear force induced by the acoustic streaming.  

 

7.3  Remarks  on  Cylinder  Rolling  induced  by  Acoustic 

Streaming 

 

The cylinder rolling induced by acoustic streaming was proposed. A rubber cylinder with inner 

diameter 16.40mm, outer diameter 21.90mm, and width 10.66mm was placed underneath an 

ultrasonic flexural vibrating beam, where the gap between the beam and the cylinder can be 

manually adjusted. There are two modes of motion: one is the friction force due to contact with 

the vibrating beam, and the resulting motion was about 1.5 mm/sec. The other is the shear force 

induced by the acoustic steaming when the rubber is contactless to the beam, and the resulting 

speed is 17.5 mm/sec. Both modes can roll the cylinder smoothly. And the motion direction 

induced by friction force is opposite to the traveling wave direction, while the motion direction 

induced by acoustic streaming has the same direction as the traveling wave. 

 

To derive the non-contact motion, Finite Element Method was firstly utilized to investigate the 

dynamics in the air streaming between the beam and the cylinder. MaxV was found to be the 

largest where it was right on the top of the cylinder, which confirms that the energy of the 

streaming mainly concentrates near the surface of the beam.  

 

The acting force acting on the cylinder was derived from Sliding Film Theory. Because the 

motion of the cylinder in this case is pure rolling, it makes easier to derive the translation equation 

of motion of the cylinder. The simulated results show that the motion distance reaches 15mm after 

1.5 seconds with velocity of 18mm/s, which corresponds well to the experimental results 17.5 
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mm/s. 

 

7.4 Recommendations for Future Work 

Currently, the power efficiency in the non-contact transportation system is very small. Most 

energy is dissipated by the vibration of the beam. How to improve the power efficiency is 

essential for the system to be industrialized. The driving force acting on the floating object is the 

shear force induced by the acoustic streaming. And the longitudinal vibration of the beam is the 

reason that induces a non-zero net flow in the acoustic steaming. The research on the longitudinal 

vibration and the acoustic streaming is recommended to be conducted in the future  

 

Though several control algorithms were investigated, and Sliding Mode Control was proved to be 

more effective and have a better control results compared to PID and Single Neuron Method. But 

there are still oscillations in the experiment. In the experiment, only the phase angle difference 

was adopted as the control output, which greatly limited the system performance. A MIMO 

(Multi-Input, Multi-Output) control algorithm is recommended where the inputs can be the 

position and velocity of the floating object and the outputs are the phase angle difference and 

amplitude. Object trajectory following is also suggested to be conducted, so that the floating 

object can be commanded wherever and whenever it was required to stop.  

 

Moreover, During the Finite Element Analysis of the Acoustic Streaming, the time average flow 

rate in a micro channel with a clearance of 1mm was calculated to be 246.43 m/s, which is large 

enough for heat and mass transfer. If the micro channel is fabricated with 

MicroElectroMechanical System (MEMS) technology on a piezoelectric bimorph, and the 

excitation of the piezoelectric bimorph can produce flexural traveling wave, a novel implantable 

drug delivery system then can be proposed. The bimorph itself acts both as the actuator and the 
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substrate, which will greatly reduce the size of the system. And the flow rate in the micro-channel 

can be controlled by adjusting the phase angle difference. Therefore, the future work on this kind 

of delivery system is recommended to be conducted.  
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8. Appendices  

In the appendices, the video acquisition/processing and instrumentation are listed firstly. 

The blockset of the video acquisition and processing is shown in Figure 8-1, followed by 

two functions: one is to locate the object in the image, the other is to instrument the signal 

generator. The vision system is then upgraded to one programmed in Visual Basic. In 

Section 8.2 lists the Visual Basic codes, which include functions of: (1) Video Capture, (2) 

Video Processing, (3) Control Algorithm and (4) Instrumentation between the computer and 

signal generator. In Section 8.3, the mechanical analysis of the parts in the transportation 

system is analyzed to find a way improving the power efficiency of the system. Section 8.4 

gives out the derivation of the friction force acting on the cylinder. 
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8.1  Video  Acquisition/Processing  and  Instrumentation  in 

MatLab 

The following blocks show the video acquisition and processing in MatLab/Simulink. 
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Figure 8‐1 Appendices‐Simulink blocks Video Acquisition /Processing 

There is a Locate_Object() function in this simulink. The codes are listed below:  

 

function XY=Locate_Object(im) 

%   Nframe=size(mov); 

% % setup two variable to save position 

%  nFrames=Nframe(1,2); 

%  P=zeros(Nframe(1,2),2); 

%  im=mov(30).cdata; 

%   LM=bwlabel(im); 
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  stats=regionprops(im); 

  if length(stats)>=1   %ball plus shadow maybe noise too 

    A=[stats.Area]; 

    biggest=find(A==max(A)); 

    stats=stats(biggest); 

    XY=stats.Centroid; 

% XY=[50,50] 

  else 

      XY=[0,0]; 

  end 

%   X=XY(1); 

%   Y=XY(2); 

And the following are the codes of instrumentation with the signal generator.  

 

function output_to_signal(phase) 

%OUTPUT_TO_SIGNAL M-Code for communicating with an instrument. 

%   This is the machine generated represenation of an instrument control 

%   session. The instrument control session comprises all the steps you are 

%   likely to take when communicating with your instrument. These steps are: 

%       1. Create an instrument object 

%       2. Connect to the instrument 

%       3. Configure properties 

%       4. Write and read data 

%       5. Disconnect from the instrument 

%   To run the instrument control session, type the name of the M-file, 

%   output_to_signal, at the MATLAB command prompt. 
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%   The M-file, OUTPUT_TO_SIGNAL.M must be on your MATLAB PATH. For additional 

information  

%   on setting your MATLAB PATH, type 'help addpath' at the MATLAB command  

%   prompt. 

%   Example: 

%  output_to_signal;  

%   See also SERIAL, GPIB, TCPIP, UDP, VISA. 

%   Creation time: 22-Jun-2005 15:21:08 

% Create a GPIB object. 

obj1 = instrfind('Type', 'gpib', 'BoardIndex', 0, 'PrimaryAddress', 26, 'Tag', ''); 

  

% Create the GPIB object if it does not exist 

% otherwise use the object that was found. 

if isempty(obj1) 

    obj1 = gpib('NI', 0, 26); 

else 

    fclose(obj1); 

    obj1 = obj1(1) 

end 

  

% Connect to instrument object, obj1. 

fopen(obj1); 

  

% Communicating with instrument object, obj1. 

phase=phase*180/pi; 

s = [ 'PHA' num2str(phase) 'DG']; 
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fprintf(obj1, 'fra25.6kz'); 

fprintf(obj1, 'frb25.6kz'); 

fprintf(obj1, 'apa3vl'); 

fprintf(obj1, 'apb3vl'); 

fprintf(obj1, s); 

% Disconnect all objects. 

fclose(obj1); 

% Clean up all objects. 

delete(obj1); 
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8.2  Video  Acquisition/Processing,  Control  Algorithm  and 

Instrumentation in Visual Basic 6.0 

 

' This example demonstrates how to continuously acquire images using a high level grab 

operation 

 

    Dim session As IMAQdxSession 

    Dim status As IMAQdxError 

    Dim myImage As New CWIMAQImage 

    Dim BufferNumber As Long 

 

    Dim CircleDescriptor As New CWIMAQCircleDescriptor 

    Dim ShapeDetectionOptions As New CWIMAQShapeDetectionOptions 

    Dim CircleMatchReport As New CWIMAQCircleMatchReport 

    Dim Region As CWIMAQRegions 

    Dim rectangle As New CWIMAQRectangle 

     

  

    Dim x As Single 

    Dim y As Single 

    Dim PosArray() As Single 

    Public j As Integer 

     

    ' pid control parameters 
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    Dim u, u_1, u_2, u_3, y_1, y_2, y_3, Pinput, Vinput, Vinput1 As Single 

    Dim v_3, v_2, v_1, Verror_1, Verror_2, Verror_0 As Single 

    Dim error_0, error_1, error_2, du As Single 

    Dim Rref As Single 

    Dim Kp, Ki, Kd, x1, x2, x3 As Single 

     

    'communication with signal generator GPIB parameters 

    Dim ioMgr As VisaComLib.ResourceManager 

    Dim instrument As VisaComLib.FormattedIO488 

    Dim idn As String 

    Dim phase As Single 

    Dim phaseDiff As Single 

     

    'Single neural adaptive control learning 

    Dim wkp_1, wki_1, wkd_1 As Single 

    Dim wadd, w1, w2, w3 As Single 

    Dim wkp, wki, wkd As Single 

    Dim M As Integer 

    Dim xiteP, xiteI, xiteD As Single 

    Dim K As Single 

    'sliding mode control 

    Dim W, s, s1 As Single 

    Dim e1, e2, e3, e10, e20, e21, e30 As Single 

    Dim Kv, Ka, kt As Single 
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    Dim R As Integer 

    Private Sub DetectCircles() 

        'Fill in Circle Descriptor values 

        CircleDescriptor.MinRadius = 13 

        CircleDescriptor.MaxRadius = 16 

 

        'Fill in the Curve options 

        ShapeDetectionOptions.CurveOptions.ExtractionMode = 0 

        ShapeDetectionOptions.CurveOptions.Threshold = 75 

        ShapeDetectionOptions.CurveOptions.FilterSize = 1 

        ShapeDetectionOptions.CurveOptions.MinLength = 25 

        ShapeDetectionOptions.CurveOptions.RowStepSize = 15 

        ShapeDetectionOptions.CurveOptions.ColumnStepSize = 15 

        ShapeDetectionOptions.CurveOptions.MaxEndPointGap = 10 

        ShapeDetectionOptions.CurveOptions.OnlyClosed = False 

        ShapeDetectionOptions.CurveOptions.SubPixelAccuracy = False 

 

        'Fill in the Shape Detection options. 

        ShapeDetectionOptions.MatchMode = 1 

        ShapeDetectionOptions.RotationAngleRanges.Add (2) 

        ShapeDetectionOptions.RotationAngleRanges.Item(1).Min = 0 

        ShapeDetectionOptions.RotationAngleRanges.Item(1).Max = 360 

        ShapeDetectionOptions.RotationAngleRanges.Item(2).Min = 0 

        ShapeDetectionOptions.RotationAngleRanges.Item(2).Max = 0 

        ShapeDetectionOptions.ScaleRange.Initialize 50, 200 

        ShapeDetectionOptions.MinimumMatchScore = 800 
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       If CWIMAQViewer1.Image.Width > 0 Then 

          CWIMAQVision1.DetectCircles myImage, CircleDescriptor, 

ShapeDetectionOptions,  CircleMatchReport 

           Dim i As Integer 

           i = CircleMatchReport.Count 

           If i >= 1 Then 

            

            x = CircleMatchReport.Item(i).Position.x 

            y = CircleMatchReport.Item(i).Position.y 

            'txBoxXpos.Text = x 

            'TxBoxYPos.Text = y 

            Else 

            x = 0 

            y = 0 

            End If 

        End If 

       'ReDim PosArray(x, y) 

        txtXpos.Text = x 

        txtYpos.Text = y 

        'j = j + 1 

         'Rref = CDbl(Text2.Text) 

        error_0 = x - Rref 

        Verror_0 = x - Rref 

         

    End Sub 
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Private Sub Form_Load() 

  'The following preset is to initiate the value to calculate the error 

    u_1 = 0 

    u_2 = 0 

    u_3 = 0 

    y_1 = 0 

    y_2 = 0 

    y_3 = 0 

    error_1 = 0 

    error_2 = 0 

   v_3 = 0 

   v_2 = 0 

   v_1 = 0 

   Verror_1 = 0 

   Verror_2 = 0 

   Verror_0 = 0 

    j = 0 

         

    'The follow initiation is to set the signal generator designated value 

    Set ioMgr = New VisaComLib.ResourceManager 

    Set instrument = New VisaComLib.FormattedIO488 

    Set instrument.IO = ioMgr.Open("GPIB::26") 

    instrument.WriteString "apa3vl" 

    instrument.WriteString "apb3vl" 

    instrument.WriteString "fra25600hz" 
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    instrument.WriteString "frb25600hz" 

    instrument.WriteString "phb0dg" 

    instrument.WriteString "pha0dg" 

    'Initialization of single parameters 

    xiteP = 0.002 

    xiteI = 0.01 

    xiteD = 0.1 

    wkp_1 = 0.02 

    wki_1 = 0.01 

wkd_1 = 0.1 

 

    'Initialization of sliding mode control parameters 

    e10 = 0 

    e20 = 0 

    e21 = 0 

    e30 = 0 

    s1 = 0 

End Sub 

 

Private Sub GrabButton_Click() 

    CWIMAQViewer1.Attach myImage 

     ' Open a session to the camera 

Status = IMAQdxOpenCamera(CameraName.Text, IMAQdxCameraControlModeController, 

session) 

    If (status <> IMAQdxErrorSuccess) Then 

        GoTo Error 
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    End If 

     

    ' Configure and start the acquisition 

    status = IMAQdxConfigureGrab(session) 

    If (status <> IMAQdxErrorSuccess) Then 

        GoTo Error 

    End If 

     

    Timer1.Enabled = True 

    GrabButton.Enabled = False 

    StopButton.Enabled = True 

 

Error: 

    If (status <> IMAQdxErrorSuccess) Then 

        DisplayError (status) 

        IMAQdxCloseCamera (session) 

    End If 

 Open "CONTROL_RESULT_" & Date For Output As #1     ' create an file to save dada 

     

    Write #1, "time", "Xpos", "Ref", "Pinput", "Vinput", "error" 

End Sub 

 

Private Sub QuitButton_Click() 

    If Timer1.Enabled = True Then 

        StopButton_Click 

    End If 
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     Close #1     

    End 

End Sub 

 

Private Sub StopButton_Click() 

    Timer1.Enabled = False 

    GrabButton.Enabled = True 

    StopButton.Enabled = False 

     

    ' Close the session to the camera 

    IMAQdxCloseCamera (session) 

End Sub 

 

Private Sub DisplayError(status As IMAQdxError) 

    Dim errorMessage As String 

    Call IMAQdxGetErrorStringCW(status, errorMessage) 

    MsgBox errorMessage 

End Sub 

 

Private Sub Timer1_Timer() 

    ' Acquire and display the next image 

    status = IMAQdxGrabCW(session, myImage, True, BufferNumber) 

    If (status <> IMAQdxErrorSuccess) Then 

        DisplayError (status) 

        StopButton_Click 

    End If 
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   ' select the reference signal(constant/sinusoid ) 

    R = 2 

   Select Case R 

   Case 1 

   Rref = 350 

   Case 2 

    Rref = 350 + 100 * Sin(j * 0.002) 

   End Select 

    

   DetectCircles 

    j = j + 1 

    controller_IncrementPID 

    ' SingleNeural 

    Sliding_control 

    OutputToSignal 

    ' Update the buffer number indicator 

    BufferNumberIndicator.Text = BufferNumber 

    'Write #1, Time, x 

End Sub 

Private Sub controller_IncrementPID() 

Kp = CDbl(Text3.Text) 

Ki = CDbl(Text4.Text) 

Kd = CDbl(Text5.Text) 

 

Vinput1 = Kp * x1 + Kd * x2 + Ki * x3 
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'Vinput1 = v_1 + du 

'If u >= 3.1416 / 2 Then 

'u = 1.571 

'End If 

'If u <= -1.571 Then 

'u = -1.571 

'End If 

If Abs(Vinput1) >= 10 Then 

Vinput = 3.5 

End If 

If Abs(Vinput1) < 10 Then 

If Abs(Vinput1 * 3.5 / 10) >= 0.7 Then 

Vinput = Vinput1 * 3.5 / 10 

End If 

If Abs(Vinput1 * 3.5 / 10) < 0.7 Then 

 

Vinput = 0.7 

End If 

End If 

 

v_3 = v_2 

v_2 = v_1 

v_1 = Vinput1 

x1 = Verror_0 - Verror_1 

x2 = Verror_0 - 2 * Verror_1 + Verror_2 

x3 = Verror_0 
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Verror_2 = Verror_1 

Verror_1 = Verror_0 

 

'Text1.Text = u 

'Write #1, Time, x, Rref, u, error_0 ' D′ ‘write the data into file 

 

End Sub 

Private Sub SingleNeural() 

M = 4 

Select Case M 

Case 1  'no supervised heb learning algorighm 

wkp = wkp_1 + xiteP * u_1 * x1 'p 

wki = wki_1 + xiteI * u_1 * x2 'I 

wkd = wkd_1 + xiteD * u_1 * x3 'D 

K = 1 

Case 2  ' supervised delta learning algorithm 

wkp = wkp_1 + xiteP * error_0 * u_1 

wki = wki_1 + xiteI * error_0 * u_1 

wkd = wkd_1 + xiteD * error_0 * u_1 

K = 1 

Case 3 

wkp = wkp_1 + xiteP * error_0 * u_1 * x1 

wki = wki_1 + xiteI * error_0 * u_1 * x2 

wkd = wkd_1 + xiteD * error_0 * u_1 * x3 

K = 1 
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Case 4 

wkp = wkp_1 + xiteP * error_0 * u_1 * (2 * error_0 - error_1) 

wki = wki_1 + xiteI * error_0 * u_1 * (2 * error_0 - error_1) 

wkd = wkd_1 + xiteD * error_0 * u_1 * (2 * error_0 - error_1) 

K = 0.1 

End Select 

 

x1 = error_0 - error_1 

x2 = error_0 

x3 = error_0 - 2 * error_1 + error_2 

wadd = Abs(wkp) + Abs(wki) + Abs(wid) 

w1 = wkp / wadd 

w2 = wki / wadd 

w3 = wkd / wadd 

u = u_1 - K * (w1 * x1 + w2 * x2 + w3 * k3) ' control law 

'limit output of the control 

If u >= 3.1416 / 2 Then 

u = 1.571 

End If 

If u <= -1.571 Then 

u = -1.571 

End If 

 

u_3 = u2 

u_2 = u_1 

u_1 = u 
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error_2 = error_1 

error_1 = error_0 

wkp_1 = wkp 

wki_1 = wki 

wkd_1 = wkd 

 

Text1.Text = u 

Write #1, Time, x, Rref, u, error_0 ' D′write data into file  

 

 

End Sub 

Private Sub Sliding_control() 

kt = CSng(Text9.Text) 

 Kv = CSng(Text8.Text) 

Ka = CSng(Text7.Text) 

W = CSng(Text6.Text) 

 

 

'u = u_1 + du 

'u_3 = u2 

'u_2 = u_1 

'u_1 = u 

'x1 = error_0 - error_1 

'x2 = error_0 - 2 * error_1 + error_2 

'x3 = error_0 

' 
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'error_2 = error_1 

'error_1 = error_0 

 

 

e1 = error_0 

e2 = error_0 - 2 * error_1 + error_2 

e3 = e20 - 2 * e21 + e22 

s1 = Kv * e2 + Ka * e1 + kt * e3 

If Abs(s1) <= 1 Then 

     s = s1 

    End If 

    If Abs(s1) > 1 Then 

    s = Sgn(s1) 

    End If 

 

u = -Kv * e1 - Ka * e2 + kt * e3 - W * s 

' 

'If Abs(e1) > 200 Then 

'u = -Sgn(e1) * 1.57 

'End If 

'If Abs(e1) <= 200 And Abs(e1) > 100 Then 

'u = Sgn(e1) * 1.57 

'End If 

'If Abs(e1) <= 100 Then 

 

's1 = Kv * e2 + Ka * e1 + kt * e3 
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'End If 

If u >= 1 Then 

Pinput = 1.571 

'Vinput = 3.5 

End If 

If u <= -1 Then 

Pinput = -1.571 

'Vinput = 3.5 

End If 

If u < 1 And u > -1 Then 

Pinput = Atn(u / Sqr(-u * u + 1)) 

'Vinput = Abs(u) + 0.6 

End If 

 

 

e20 = e2 

e21 = e20 

e22 = e21 

error_2 = error_1 

error_1 = error_0 

Text1.Text = Pinput 

Write #1, Time, x, Rref, Pinput, Vinput, error_0, Vinput1 

End Sub 

Private Sub OutputToSignal() 

' % the function is to send the controller result to the signal generator  % 

'% when change the controller method, just change the u from other cotroller% 
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phase = Pinput * 180 / 3.1416 

If phase > 0 Then 

phaseDiff = phase 

'instrument.WriteString "phb0dg" 

instrument.WriteString "pha " & CStr(phaseDiff) & "dg" 

 

End If 

If phase <= 0 Then 

phaseDiff = 180 + Abs(phase) 

'instrument.WriteString "pha0dg" 

instrument.WriteString "pha " & CStr(phaseDiff) & "dg" 

End If 

 

instrument.WriteString "apa" & CStr(Vinput) & "vl" 

instrument.WriteString "apb" & CStr(Vinput) & "vl" 

'instrument.WriteString "pha " & CStr(phaseDiff) & "dg" 

 

'instrument.WriteString "apa?" 

'idn = instrument.ReadString() 

'MsgBox "the instrument reading value is :" & idn, vbOKOnly, "Signal Result" 

End Sub 
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8.3 Physical Parts Analysis 

 

8.3.1 Electro-Mechanical Coupling Analysis of a Piezo-Actuator 

The electromechanical constitutive equation for linear material behavior is: 

            (8-1) 

Where: 

= stress vector, 

= electric flux density vector, 

= strain vector 

= electric field vector 

= elasticity matrix 

= piezoelectric stress matrix 

= dielectric matrix 

The actuator used in the system is shown in Figure 8-2 (a) and (b). Figure (b) shows the structure 

of the BLT actuator. It consists of front metal block, back metal block, nut and bolt, and 

piezo-ceramic. The physical parameter of the piezo-ceramic is shown in Table 8-1. 
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(a) 3D dimension 

 
(b) the structure of the actuator 

Figure 8‐2 The BLT Actuator 
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Table 8‐1 Physical Parameter of PZT Material 

 
 

The model of the actuator as shown in Figure 8-3 has a cylinder geometry that consists of one 

front Aluminum block, the piezo ceramic layer and one back Aluminum block. The system 

applies an AC potential on the electrode surfaces of both sides of the piezo-ceramic layer. The 

potential has a peak value of 300V in the frequency range 20 kHz to 40 kHz. To significantly 

reduce memory requirements, symmetry is used by first making a cut along a midplane 

perpendicular to the central axis and then cutting out a 10 degree wedge.  
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Figure 8‐3 Model of the actuator 

An electro-mechanical coupling analysis is conducted to find the optimal working frequency. 

Figure 8-4 is the mode analysis at frequency of 25 kHz, where different color represents different 

deformation displacement.  

 

Figure 8‐4 Modal Analysis 

Figure 8-5 is the frequency response with respect of the displacement on the top of the actuator. 

The actuator has maximum vibration amplitude where the frequency is around 25 kHz. In order to 

improve the power efficiency, one available way is to excite the system at the resonant frequency 
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of the actuator.  

 
Figure 8‐5 Frequency response with respect of top surface of the actuator 

8.3.2 Analysis on Mechanical Beam  

8.3.2.1 Thickness of the Beam 

The beam used in the system is a simple mechanical straight beam. According to the traditional 

beam theory, the governing equation of a vibrating beam is: 
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In the steady state forced flexural vibration of the beam, the vibration can be expressed using 

normal mode as the following:  
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And the longitudinal vibration of the beam is derived as:  
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Equation (8-4) will be the main reason that induces shear force in the acoustic streaming. In the 

system, the shear force mainly depends on time average x-velocity of the acoustic streaming. 

While the velocity is greatly affected by the longitudinal vibration u. To increase the longitudinal 

vibration amplitude becomes one effective method to enhance the system performance. When the 

beam is defined, the thickness of the beam will play an important role to determine the vibration 

amplitude. Figure 8-6 shows how the factor of thickness impacts the vibration amplitude. When 

increasing the thickness, the longitudinal vibration amplitude will surely increase 

correspondingly.  
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Figure 8‐6 The thickness factor 

Define the Radius of Gyration as:  

        (8-5) 

Where I is the moment inertia and  
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A is the cross-section area 

And the slenderness ratio is defined as:  

λ=L/Rg
2    (8-6) 

Where L is the beam length. 

For a typical long beam, the slenderness ratio is assumed to be at least 200. According to the 

above calculation, the maximum thickness for the beam with length 400mm and width of 50.8 

should be 4.9mm.  

8.3.2.2 The Position to Attach the Mechanical Horn 

In the non-contact transportation system, the position to attach the mechanical horn is 

theoretically defined at one quarter of the wave length from the end of the beam. In this case, the 

flexural wave produced in the beam will be pure traveling wave. The size of the screw, however, 

makes it impossible to precisely fix the horn to the desired position. This shortcoming will also 

impact the system performance.  

 

Figure 8-7 is the frequency response with different horn locations. The locations are symmetric to 

the beam midpoint. Though the mode frequencies don’t change corresponding to the horn 

locations, the magnitude, however, changes greatly.  
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Figure 8‐7 The frequency response with different horn position 

 

When the locations are non-symmetric, the frequency response is shown in Figure 8-8. The mode 

frequencies are, still, unchanged, The magnitude of the vibration, however, changes greatly, even 

with a small change in the locations. Here is another way to improve the power efficiency of the 

system: to locate the horn where it can produce pure traveling wave (theoretically the one quarter 

of the wave length).  
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Figure 8‐8 Frequency response with non‐symmetric locations 

 

For the mechanical beam, there are two ways to improve the power efficiency. One is to make the 

thickness of the beam as large as possible, and the other is to position the horn to the beam as 

precisely as possible.  



 155

 

8.4 Analysis of Friction Force in Cylinder Rolling   

When the flexural progressive wave propagates along the length of the beam, the particles on the 

surface of the beam move elliptically. This elliptical motion generates sliding friction force 

between the beam and the object when they are in contact. The friction drive force pbf , as shown 

in Figure 8-9, is opposite to the direction of wave propagation. Now, the rolling condition for the 

cylindrical object is subjected to interaction forces both at the beam-object interface and the 

object-support surface interface.  

 

 

Figure 8‐9 Dynamic model of friction contact between the cylinder and the beam 
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where pbN  is the normal force between the beam and the object. 

For purely rolling motion  
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The sliding friction drive force pbf  between the beam and the cylinder can be resolved by 

Coulomb friction law. When the beam and the cylinder are in contact, two elastic bodies with 

curved surfaces are pressed together to form a rectangular contact area with width 2a and length b. 

The normal stress distribution in the contact area is given by Hertzian contact theory  

22
0 /1)/4()( axPxP −= π   (8-9) 

( axa <<− ) 

where abNP pb 2/0 =  is the average pressure in the contact area. 

Due to the elliptical motion of the beam surface particle, there is slip between the beam and the 

cylinder. Let  )(xvb  be the tangential velocity component of elliptical motion.  At the point 

where )(xvb  is larger than the velocity of object pv , positive slip motion occurs, and friction 

drives the object. On the other hand, at the point where )(xvb  is less than pv , negative friction 

force impedes the object. 
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Figure 8-10 shows the process of rolling due to contact friction in one cycle of beam vibration. At 

stage 1, there is a maximum normal force between the object and beam due to the pressing down 

on the particle. This in turn produces the maximum frictional driving force. So, assuming that 

rolling conditions are met, the object will start rolling to the right. At stage 2, the driving friction 

force changes the direction. If the contact is maintained throughout, the particle should roll back 

to the left at the trough of the waves. However, the normal force at this stage is less than that of 
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stage 1, which leads to smaller contact indentation at contact surfaces. This will result in a smaller 

driving friction force. So, in one cycle, we can imagine the object experiencing rolling in both 

direction, the average of which is to the right because the driving force differential between the 

crest and the trough of the waves. Alternatively, the contact at stage 2 can be lost momentarily, 

resulting in the object ‘coasting’ until it is pushed by the next crest of the wave. This dynamic 

friction condition can be averaged over one contact cycle from stage 1 to stage 3. 

∫=
λ

λ 0
)(1 dxxff c

pb pb
   (8-11) 

 

Note that one way to avoid intensive computational efforts is to treat dynamic contact condition 

as that of the preloading if the contact is maintained during the contact cycle, in this case 

pb
c
pbpb Nf μ=        (8-12) 

It is apparent from the foregoing analysis that a precise control of the contact forces becomes very 

important in being able to maintain the rolling motion of the object. 

 

Figure 8‐10 Schematics of rolling process 
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