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FRICTION DRIVE SIMULATION OF A SURFACE ACOUSTIC WAVE MOTOR BY NANO VIBRATION

A physical analysis model of a surface acoustic wave (SAW) motor which is driven by frictional force resulted in nano meters elastic vibration has been proposed. In case of the SAW motor, the vibraition ampllitude is from several nano meters to 30 nm at most. The vibraion amplitude is almost same as the elastic deformation caused by preload between a slider and stator. In the analysis model, the elastic defomation, stick and slip were considered. Dynamic simulation was carried out successfuly. Experimental results of 9.6 MHz opration frequency SAW motor were compared to the simulation results. It was understood that smaller slider projection slider with a lot of projections has high contact surface stiffness, so that superior performances are obtained in speed and thrust.

INTRODUCTION

A surface acoustic wave (SAW) motor has been investigated [START_REF] Kurosawa | Ultrasonic linear motor using surface acoustic wave[END_REF]- [START_REF] Kurosawa | Optimization of slider contact face geometry for surface acoustic wave motor[END_REF] and demonstrated its superior performances on speed of 1.5 m/s [START_REF] Nakamura | Effects of ceramic thin film coating on friction surfaces for surface acoustic wave linear motor[END_REF], thrust of 10 N [START_REF] Kurosawa | Optimization of slider contact face geometry for surface acoustic wave motor[END_REF], and resolution less than 1 nm [START_REF] Shigematsu | Nanometer stepping drive of surface acoustic wave motor[END_REF] by using 60x14x1 mm 3 plate piezo transducer. In addition, to enhance application range, higher operation frequency of 100 MHz [START_REF] Shigematsu | Miniaturized SAW Motor with 100MHz Drive Frequency[END_REF] and two dimensional design [START_REF] Iseki | Two-dimensionally self-holding deflection mirror using surface acoustic wave motor[END_REF] were investigated.

From investigations based on experimets, it has been already found that slider surface texture has influence on motor performances such as speed and thrust [START_REF] Asai | Evaluation of the driving performance of a surface acoustic wave linear motor[END_REF]- [START_REF] Nakamura | Effects of ceramic thin film coating on friction surfaces for surface acoustic wave linear motor[END_REF]. In theoretically, however, the physical property of the slider textured surface on the motor performace has not been investigated enough.

Physical modeling about the SAW motor has been tried, then, one slider projection was modeled including compliance of slider and stator material [START_REF] Shigematsu | Friction drive modeling of SAW motor using classical theory of contact mechanics[END_REF], and also stick and slip at the boundary. Using the slider projection modeling, operations of SAW motor were simulated, and then, the results were compared with the experimental results.

FRICTION DRIVE MECHANISM

Surface acoustic wave generated in piezoelectric substrate can be transformed into linear motion through frictional force. If we use Rayleigh wave for the surface acoustic wave actuator, for example, a basic device construction is very simple as shown in Fig. 1. The actuator has only a simple thin plate transducer and a thin friction material. 
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The plate transducer is a surface acoustic wave device to generate the Rayleigh wave using two interdigital transducers (IDT) to excite both direction traveling wave. One of the IDTs at a time is driven to excite the wave, and then, to drive the slider in one direction. The active IDT is changed for the alternative linear motion of the slider.

To explain the principle of the actuator driving mechanism, a drawing in which the wave motion is enhanced is convenient to give the image. Actual wave motion is too small to present in the drawing, therefore, the displacement of the wave motion is enlaraged about ten thousands times in Fig. 2. In actual dimensions of the wave length and the vibration displacements, the stator surface is almost flat; in case of 9.6 MHz driving frequency, the wave length and the vibration displacements are about 400 μm and 20 nm. In physically, therefore, the contact between the stator and the slider contains elastic deformation, stick and slip.

The lower part is the SAW transducer and the upper part is the slider. In actual device design, a lot of projections are fabricated, which is mentioned in detail afterward. In the SAW transducer, namely, the stator, the traveling wave is excited. For the friction force which generates the linear motion of the actuator, a pressing force acting on the slider is given, so that the slider is pressing against the stator. This pressing force is called as preload. Due to the wave motion in the stator and the preload on the slider, the boundary between the stator and the slider is distributed as shown in Fig. 2.

The wave motion has two direction components; normal to the boundary and the tangential directions. Due to the wave motion in the stator and the slider stiffness, the pressing force between the slider and the stator has distribution. Hence, around the crest of the wave, the normal force becomes large. On the contrary, at the valley of the wave, the slider surface is off. The large normal force around the wave crest is important for the frictional force in the actuator principle.

At the crest, the particles in the stator have the maximum vibration velocity in the tangential direction which is opposite to the wave traveling direction. The large frictional force and the large tangential vibration velocity generate the linear motion of the actuator. The limit of the actuator speed is the vibration velocity of the wave crest which depends on the vibration amplitude. The limit of the actuator output force is the friction force; at the maxim, the product of the preload and the frictional For stable friction drive condition, a lot of projections are fabricated on the surface of the slider as shown in Fig. 3. The diameter of the projections were 20 μm or less to obtain large thrust and high speed close to the vibration velocity in case of 9.6 MHz driving frequency. It has been found from experiments that the larger projection diameters such as 30 or 50 μm resulted lower performance in speed and thrust [START_REF] Kurosawa | Optimization of slider contact face geometry for surface acoustic wave motor[END_REF]. For the experiments, several types of silicon sliders were fabricated by dry etching process. The sliders dimensions were 5 by 5 mm 2 ; 2 µm high projections were fabricated in 4 by 4 mm 2 area.

A photo of a SAW motor stator is shown in Fig. 4. The material was 128 ̊ y-rotated x-propagation LiNbO3. The dimensions of the device were 60 mm long, 14 mm wide, and 1 mm thick. The electrodes were twenty pair IDTs that were 100 μm wide chromium/aluminum line and 100 μm gap, and 9 mm in aperture. The resonance frequency, namely, the operation frequency was 9.61 MHz. When the driving voltage was 125 V 0-p , the vibration amplitude and velocity were 20 nm in normal to the surface and 1.1 m/s in tangential; the input power was 70 W.

MODELING OF CONTACT

A physical modeling of frictional drive of a SAW motor had been carried out [START_REF] Shigematsu | Friction drive modeling of SAW motor using classical theory of contact mechanics[END_REF] based on contact mechanics [START_REF] Johnson | Contact Mechanics[END_REF]. For the first step of the modeling, a slider elastic body, a rigid projection and a stator elastic body were expressed using four springs, one rigid body connected to the elastic slider part and frictional boundary surfaces as shown in Fig. 5.

The two springs in slider k pn and k pt can be written in the forms

k pn = 4 G Si a(ln(3-4ν Si )/(1-2ν Si )) (1) 
k pt = G Si a/(1/8+(1-2ν Si )/(8πκ)). (2) 
In these equations, G Si , ν Si , and a are slider material shear modulus, poisson's ratio and projection radius. In eq [START_REF] Kurosawa | Elastic Contact Conditions to Optimize Friction Drive of Surface Acoustic Wave Motor[END_REF], κ = ln(3-4ν Si )/π. The other two springs in stator k sn and k st can be written in the forms

k sn = 4 G LN a/(1-ν LN ) (3) 
k st = 8 G LN a/(2-ν LN ). (4) 
In these equations, G LN and ν LN are stator material shear modulus and poisson's ratio. By using the physical model of one projection, a dynamic simulation in time domain was carried out including preload, friction coefficient, vibration amplitude and so on. From the simulation, dynamic thrust between the stator and slider were obtained as shown in Fig. 6, then, mean speed and thrust of the slider were estimated. It was understood as shown in Fig. 6 that the friction drive has two parts; sticking with elastic deformtion in nano-meter range and slipping at the boundaries.

ESTIMATION BASED ON PHYSICAL MODEL

Simulations of a SAW motor operation were carried out using the projection contact model and compared to experimental results at 9.6 MHz motor operation mentioned above. The driving voltage was 125 V 0-p , so that the vibration amplitude and velocity were 20 nm in normal to the surface and 1.1 m/s in tangential. The slider projection number was change from 1089 to 10000 in case of 20 μm diameter slider. Then, performance difference depending on the slider projection diameter from 20 μm to 50 μm with same contact surface area of about 3 mm 2 in 4x4 mm 2 were compared. The motor performance improved by increase of the sllider projection amount as shown in Figs 7 and8. We prepared five different slides that had projection amount of 10000, 6400, 4356, 2500 and 1089; projection diameter was 20 μm. In case of 10000 projections, contact surface area was about 3 mm 2 in 4x4 mm 2 . However in the simulation, effective amout of the projections was reduced to 36 % of the actual amount of the projections. This is because the FEM analysis of the static contact of the slider indicated that the projection contact had significnat distribution.

The thrust at 0 speed, namely maximum thrust, depends on the preload and the amount of the projections as indicated in Fig. 7. From the simulation, it is understood that the stiffness at slider contact surface is important for large thrust. This is because the stiffness is in proportion to the amount of projections. The stiff surface is suitable for high speed operation as can be seen from Fig. 8. In case of soft slider surface, the projections contact to the bottom of the wave by large preload.

The difference of the slider projection diameter on the output force of the SAW motor indicated interesting result as shown in Fig. 9. The small diameter projections Fig. 7 Output force characteristics of 20 μm diameter sliders by changing the numbers of projections from 100 by 100 to 33 by 33; n=10000 (l), 6400 (p), 4356 (n), 2500 (u), and 1089 (q). Fig. 8 No-load speed characteristics of 20 μm diameter sliders by changing the numbers of projections from 100 by 100 to 33 by 33; n=10000 (l), 6400 (p), 4356 (n), 2500 (u), and 1089 (q). has lower stiffness than that of larg projections. However, the total stiffness becomes higer if the total projection area is same. It is clearly indicated in eqs from (1) to (4) that the stiffness is in proportion to the radius of projections, not to the square of projection radius. So that, if the total projection areas are same, the smaller projection slider has higher surface stiffness. The high surface stiffness of slider conduces large thrust. The higher surface stiffness by small diameter projections brings superior perfomence in speed also as shown in Fig. 10.

It is clearly understood also from the experintal results that the 20 μm diameter slider has superior performances than that of 50 μm diameter slider in speed and thrust against the variation of the preload as shown in Figs. 11 and12. Two slider had same contact area of 3 mm 2 but different diameter, so that the different contact stiffness. Each projection contact stiffness is 2.5 times larger, in case of 50 μm diameter slider, but the amount of the projection is 1/2.5 2 that of 20 μm diameter slider. As a result, the 50 μm diameter projection slider has 2.5 times lower stiffness. As a result, the smaller diameter projection slider has high contact stiffness.

CONCLUSION

It had been unclear that the reason why the smaller diameter projection slider has superior perfomances in speed and thrust for several years. From the physical modeling of SAW motor based on the contact mechanics, the motor operation has successfully explained about the difference of the slider surface texture.

The stiffness of the slider surface depends on the projection diameter and the amount of projections; the smaller diameter slider has stiff surface if the contact areas are same. This is because the stiffness of one projection is in proportion to the projection rudius, not the square of the rudius. The smaller projection slider, therefore, has high surface contact stiffness in total, so that the smaller projection slider has superior performances in speed and thrust.

It is not examined about the difference of the wave form as indicated in Fig. 6 in this paper. From the physical analysis model of the SAW motor, the dynamics between slider and stator will be examined in time domein. For the efficiency and wear, stick and slip of dynamic 
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 2 Fig. 2 Schematic drawing of contact between traveling wave in stator and projections on slider surface.
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 1 Fig. 1 Schematic of surface acoustic wave motor.
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 4 Fig. 4 Photo of SAW transducer for linear motor at 9.6 MHz driven by single electrical source.
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 3 Fig. 3 Photo of silicon slider (left), enhanced view of surface (center) and contact projections on Si slider surface fabricated by dry etching process; SEM view (right).
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 6 Fig.6Force transmission from stator surface to slider with stick and slip.
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 5 Fig. 5 Physical contact modeling of projection on slider and stator surface.
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 9 Fig. 9 Output force characteristics difference between 20, 30, 40, and 50 μm diameter sliders by simulation.
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 10 Fig. 10 No-load speed characteristics difference between 20, 30, 40, and 50 μm diameter sliders by simulation.

Fig. 12

 12 Fig.12No-load speed characteristics difference between 20 μm diameter slider (n) and 50 μm diameter slider (l).

Fig. 11

 11 Fig. 11 Output force characteristics difference between 20 μm diameter slider (n) and 50 μm diameter slider (l).

© EDA Publishing/ENS 2007 ISBN :978-2-35500-003-4

ACKNOWLEDGMENT

This work was supported by a Grant-in-Aid for Science Research from the Ministry of Education, Culture, Sports, Science and Technology, and by a Collaborative Development of Innovative Seeds, Potentiality verification stage from the Japan Science and Technology Agency.