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ABSTRACT 

    This thesis presents a novel design of dual mode coupled ultrasonic 

motor, which is driven by the fundamental longitudinal mode and torsional 

mode of the stator. The triangular tube-like stator is machined with horizontal 

slot in each side or at each corner to form a flexible structure with appropriate 

weakness in its axial stiffness. It results that the longitudinal mode has 

reduced resonant frequency very close to that of the desired torsional mode. 

The PZT4 element with two segmented electrodes is adhered to each 

peripheral surface of the stator. Two ac signals with 90 degree phase 

difference are applied to the electrodes to excite both vibration modes. Every 

contact point undergoes an elliptical trajectory in response to a harmonic 

excitation of the coupled modes, which are used to drive the ultrasonic motor 

via frictional force between both rotor and stator. The revolution direction of 

the rotor can be controlled by switching phase lag or lead. Excellent modal 

separation was achieved by modifying the geometric parameters, such as 

height, thickness of the triangular stator and length, location of the slots, 

according to the calculated natural frequencies of the stator by using 

finite-element analysis. The contact mechanics between both rotor and stator 

are explored and is used to estimate the T-N curves of the present ultrasonic 



iii

motor. 

    Three prototypes of the presented ultrasonic motor were fabricated and 

tested. The stator and rotor are made of aluminum alloy and steel, respectively. 

In the best design, the operating frequency is 19.59 kHz. The maximum 

revolution speed is 142 rpm without payload, and the maximum measured 

torque is 3.17 N-cm. To reduce the wear, an embedded steel ball is used to 

replace the line contact bump on the stator and to form a point-like contact. It 

follows that the output torque promotes to 4.239 N-cm. The presented 

ultrasonic motor has advantages of high torque at low speed, stable output and 

quiet performance. 

Keywords: ultrasonic motor, dual-mode resonance, contact mechanics, T-N 

curves
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1.1

(electromagnetic motor)

(ultrasonic motor)

(piezoelectric motor)

MRI
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1.2

1973 Barth [1]

1.1

(wear) (tear)

    Lavrinenko et al [2] 1796

Vasiliev et al [3] 1979 (Langevin)

    Sashida [4] 1982 1.2

Sashida Kenjo [5]

90
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(standing wave) (traveling

wave)

1.3 Ueha Tomikawa[6]

(1)

(2)

(3)

(4)

98%

(traveling wave) 1.4

90
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1.3

1.3.1

    1985 Kumada[7] (torsional 

coupler) 1.5

80%

Nakamura et al [8]

(torsional Langevin transducer) 1.6

(torsional actuator) (longitudinal actuator)

1.3 90

    1991 Toyoda Murano[9] 1.7

(multilayer 

piezoelectric material)

90

    1998 Li Zhao[10] 1.8

90
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    2000 (University of Paderborn) Hemsel 

Wallaschek [11] 1.9

(rowing) (Paderborn rowing motor)

    2005 Physik Instrumente Vyshnevskyy et al [12]

1.10

0

120 360

15 Vrms

[13] 1.11

    2011 Shi Zhao [14]

90

X Y

X
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Y

20 98mm/s

3.2N

1.3.2

    1992 Maeno et al [15]

(penalty function formulation

    1993 Hirata Ueha [16]

    1995 Hagood McFarland[17]

(Reyleigh-Ritz)

    2001 Storck et al [18][19]
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(stick)

    2007 Vasiljev et al [20] ANSYS

TARGE170

CONTA174

X Y -

5~8%

1.4

1.12~ 1.14

90
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ANSYS

1.5
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ANSYS

(Newmark)

2.1

2.1.1

1880 (piezoelectric 

effect)

(direct piezoelectric effect)

(converse piezoelectric effect)

2.1

2.2

(piezoelectric actuator)
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2.1.2

(single 

crystalline) (lithium niobate

LiNbO3) (lithium tantalate LiTaO3) (thin film)

(ZnO (AlN) (polymer)

PVDF (ceramics) (BaTiO3)

(lead zirconate titanate PZT) (composite 

materials) AFC(active fiber composites)

(crystal growth)

PVDF 4MV/mm

(piezoelectric activity)

PZT 3kV/mm

PZT-4
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2.1.3

(constitutive 

equation)

� S

S = s T
T = c S

              (2.1) 

s (matrix of elastic compliance) c

(matrix of elastic stiffness)

E

D

�
�

D � E
E � D

             (2.2) 

� (matrix of dielectric constant)

(matrix of permeability) � (matrix of impermeability)

(2.1) (2.2)

� S

E D

d g e h e

E T

S

�T = c S e E
D = e S + � E

            (2.3) 
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� S Ec

(matrix of elastic stiffness) e (matrix of piezoelectric  

constants) Te (transport matrix) D

E S� (constant strain)

(matrix of dielectric constants) IEEE Standard on 

Piezoelectricity[21

1 11 12 13 14 15 16 11 21 31

2 21 22 23 24 25 26 12 22 32

3 31 32 33 34 35 36 13 23 33

4 41 42 43 44 45 46 14 24 34

5 51 52 53 54 55 56 15 25 35

6 61

1

2

3

T C C C C C C e e e
T C C C C C C e e e
T C C C C C C e e e
T C C C C C C e e e
T C C C C C C e e e
T C
D
D
D

� � �� �
� � � � �� �

� � �� �
� � � � �� �
� � � � � �
� �
� �
� �
� �
� �
� �� 	

1

2

3

4

5

62 63 64 65 66 16 26 36 6

11 12 13 14 15 16 11 12 13 1

21 22 23 24 25 26 21 22 23 2

31 32 33 34 35 36 31 32 33 3

S
S
S
S
S

C C C C C e e e S
e e e e e e E
e e e e e e E
e e e e e e E

� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �� � �� � � �
� � � �
 
 

� � � �


 
 
� � � �
� � � �
 
 
� 	 � 	

  (2.4) 

PZT-4 (hexdgonal 

crystal) z ( 3x )

11 12 13

12 11 13

13 13 33

44

44

66

0 0 0
0 0 0
0 0 0

0 0 0 0 0
0 0 0 0 0
0 0 0 0 0

E

C C C
C C C
C C C

C
C

C

� �
� �
� �
� �

� � �
� �
� �
� �
� 	

c       (2.5) 
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15

15

31 31 33

0 0 0 0 0
0 0 0 0 0

0 0 0

e
e

e e e

� �
� �� � �
� �� 	

e         (2.6)

11

11

33

0 0

0 0

0 0

S

S S

S










� �
� �

� � �
� �
� 	

�            (2.7) 

PZT-4

1 11 12 13 31

2 21 22 23 31

3 31 32 33 33

4 44 15

5 44 15

6 66

1 15 11

2 15 11

3 31 31 33 33

0 0 0 0 0
0 0 0 0 0
0 0 0 0 0

0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0

0 0 0 0 0

T C C C e
T C C C e
T C C C e
T C e
T C e
T C
D e
D e
D e e e









�� � � �
� � � ��� � �

�� � �
� � � �� � �
� � �� �
� � �
� � �
� � �
� � �
� � �
� � �� 	 � 	

1

2

3

4

5

6

1

2

3

S
S
S
S
S
S
E
E
E

� �
� �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �� 	

 (2.8) 

2.1.4

(Hamilton’s principle)

0 0
0 0 0

uu u

u

�

� ��

� 
 � � � 
 � 
� � � � � �� � � � � �� �� �
� � � �� 	 � �� 	� �

� �M UU
� � ��

��
��       (2.9) 

� M (mass matrix) uuk



14

M uuk ��k

u�k T
u�� k

(2.9)

0 0
0 0 0 0

uu u

u

�

� ��

� 
 � 
 � � � 
 � 
� � � �� � � �� � �� � � � � � � �� �� � � �
� � � � � �� 	 � 	 � �� 	� � � �

� �M C FUU U
� � Q�� �

�� �
��    (2.10) 

(proportional damping) uu� �C = M + K

F Q

2.2

i te �� * i te ���U U 2 * i te �� �� �U U�� * i te ���� �

(2.9) (homogeneous equations)

*
2 0

0
0 0

uu u

u

�

� ��
�

� � � 
� � � �
� �� � � �� � � �� �� 	 � �� 	� �

� � M U
� � �

      (2.11) 

(non-trivial solution)

2 0
det 0

0 0
uu u

u

�

� ��
�

� �� � � �
� �� �� � � �� �� 	� 	� �

� � M
� �

       (2.12) 

(2.12) n � (natural 

frequency)

2.3

ANSYS

ANSYS

[22]
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� � �Mu Cu Ku F�� �            (2.13) 

M C K u

F

1 1[(1 ) ]n n n n t� �� �� � � � �u u u u� � �� ��         (2.14)

2
1 1

1[( ) ]
2n n n n nt t� �� �� � � � � � �u u u u u� �� ��       (2.15) 

nu nt 1n nt t t�� � � � �

0.25� � 0.5� � [23]

(2.15)

1 12
1 1 1( ) 1

2n n n n ntt � ��� �
� �� � � � �� ��� � �

u u u u u�� � ��      (2.16) 

1nt �

1 1 1 1n n n nF� � � �� � �Mu Cu Ku�� �         (2.17) 

(2.16) (2.14) 1n�u� (2.16) 1n�u�� (2.17)

1
1 2

1 1 1 1
2

1 1
2

n
n n n n

n n n

tt

t
t

� ��

� � �
� � �

�
�

� �� �� � � � �� �� ��� � �� 	
� �� � � �� � � � � �� � � �� �� � � � �� 	

F Mu u u u
K K

C u u u
K

� ��

� ��
   (2.18) 

2
1

tt
�
��

� � �
��

K K M C (2.18) t

1n�u (unconditionally 

stable) t� t�
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2.4

2.4.1

ANSYS

- (Newton-Raphson method)

1 1n n� �� � �R F R            (2.19) 

1n�R 1n�F 1nt � ( 1n nt t t� � � � )

�R �R �R

TK �R �u

1( )T � � � �K R u             (2.20) 

1n�u nu �u

1n n� � � �u u u             (2.21) 

1n�u 1n�F �R �R

criR i n i�u

2.3

nF nu nt

0P (

1
TK ) 1P R�

i iP

n i�u n i�F R�
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n i�u

0P

2.4.2

ANSYS

(contact pair) (target surface)

(contact surface) (target elements)

(contact elements)

2.4.1

    ANSYS

(penalty method)

normal normal pF k x� (2.22)

normalF normalk (contact stiffness) px

2.4 (contact

spring) (spring constant)

-

2.4.3

    ANSYS (Coulomb

friction model) (stick)

s�

(sliding)

d� ANSYS
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s dFACT� ��  FACT

[24] max yS! � 3

yS max! von Mises

2.5

2.5

A B

90

2.6

2.7

2.8

2.9

Y Y

xu zu



19

0 sin( )x xu u t��             (2.23) 

0 sin( )z zu u t� "� �            (2.24) 

0 xu X 0 zu Z �

"

X-Z 0 0x zu u�

2.10 " 0 45 90

90 (2.24)

0 cos( )z zu u t��             (2.25) 

(2.23) (2.25)
2 2

0 0

1x z

x z

u u
u u

� � � �
� �� � � �

� � � �
           (2.26) 

(2.26)

90
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ANSYS

(modal analysis) (transient analysis)

3.1

    ANSYS

(pre-processor) (solver) (post-processor)

3.1~ 3.3

t H La

T-6061 1 20mm

10mm 0.72mm 16mm 12mm 0.72mm

PZT-4 A B 2

PZT-4 [25] 8 (3-D

coupled-field solid element) SOLID5 x y z

SOLID45

8 x y z

(mesh) 3.4

23552 6 SOLID45

3.5 3.6 46080 43366
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3.2

3.2.1

3

20 (longitudinal 

mode) (torsional mode) (flexural mode)

(m, n)

m n

(other 

mode) 3

14 3

4 10 13

61.641kHz 43.015kHz 20kHz

3.2.2

3.2.1

L 30mm
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H H 3.7

H=15mm 27kHz H=30mm

5kHz

t 3.8 1.4mm

2.4mm

7kHz 6kH

1mm

3.9 4mm

14mm 4.8kHz

3.10

4 1 9
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3.11

3.12

Ha

3.3 CL

3.13 CL

CL

3.14

OD OD

OD 3mm 10.5mm OD

3.15

RI 2.5mm 5.5mm

3.16 RO

1.5mm 5.5mm 2.5mm
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3.2.3

(modal separation)

3.17~3.19

La L=30m

t=2mm 2mm 15 17 19mm

14mm

16mm

3.20

5

5Hz

17mm

2mm 56mm 16.51mm 2mm

5
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9.36mm

40mm 14mm 1.8mm

3.21

Hemsel 

Wallaschek [11]

5

A B

3.22 2 21

3.3

-

# =0.2% 400Vp-p

A B 90 2.5

- 2.7 2.9

X ( ) Z ( ) Ueha [6]
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X UX

Y 5

(a b c d) 3.23~3.26

(a)

Y X Z

(b) UX UZ UY

(c)

UX UZ UY 3.8kHz

(d)

3.27 3.28

Y

( )

(c)

3.4

ANSYS

90 A B

X Z

    ANSYS
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(Rayleigh damping) � �� �C M K �M �K

# =0.2%

� (alpha damping) � (beta

damping) [22] 
2 2i i i� �� �#� �             (3.1) 

545.423� � -97.315 10� �  

1.5mm 2.5mm

41.303kHz 24.643kHz 23.065kHz

90 400Vp-p A B

250

3.29

X Y Z X Z

0.85 msec

5.6 msec 230

Y X Z

X Z 3.30(a)

X

X Y 3.30(b) Y
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3.31 X Y Z 6.3 msec

155 X

Y Z X Z X Y

3.32 X-Z X-Y

X

3.33 230 X Y Z

8 msec X Z X

Y 3.34 X-Z X-Y

X Y Z

3.5

3.4

3.5.1

    ANSYS (contact elements)
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3.35

(SUS304)

SOLID92

(contact pair) (surface to surface)

TARGE170 CONTA174

(element coordinate system, ESYS) 3.36

ESYS ESYS

3.5.2

(real constant)

(1) (FKN)

-

FKN

(2) (FTOLN

FTOLN

FKN
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(3) (pinball region, PINB)

(4) (TAUMAX)

max yS! � / 3 yS

(5) (stick)

(sliding)

6

(key options)

(1) (penalty method)

2.6.2 ANSYS

(augmented Largrangian method)

(2)

(3)
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(4)

(5)

3.5.3

21mm 6mm

A B 400Vp-p A

B 90

150 3.37

3.38

V$

60
2rotor

VRPM
R

$

%
�             (3.2) 

rotorR 6 msec
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Hagood[17]

(stall torque) 3.39

0.98N 4.116N

50.5rpm 40.2rpm 2N-cm

2.52N-cm
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4.1

PZT-4 4.1

Loctite No.648

4.2

4.3~ 4.6

4.2

HP-8751A (Agilent 

Technologies, Santa Clara, CA, USA) -

(impedance) (

)

4.7 10~50kHz



34

NF-4051 20 A

B

4.8 38.785kHz

41.303kHz

6.1% 4.9

25.45kHz 24.643kHz 3.3%

4.10

19.70kHz 23.065kHz

3.365kHz 4.11

19.84kHz

LV-1720A (Ono Sokki Corporation, Tokyo, Japan)

NF-FRA5087 (NF Corporation, Yokohama, Japan) 2Vp-p

10~50kHz NF-HSA4051

20 A

(laser Doppler vibrometer, LDV)

(out-of-plane) LDV

4.12

a

4.13 19.91kHz

b 4.14

19.16kHz

19.78kHz
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5kHz

4.3

4.15 (Tektronix 

AFG3102) 90

(piezoamplifier) A-303 ( A.A. Lab Systems., USA) A B

(preload)

(encoder HTR-3A, 1,000 ppr, Hontko Inc.) A/D

Futek (load cell, LSM400)

Vishay 2210B (Vishay Micro-Measurement, 

Munich, Germany) NI (National

Instruments Corp., Texas, USA) PXI-6251

Labview 8.5

4.4

4.4.1

(1)
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400Vp-p

4.16

0.196N 19~19.7kHz

19.59kHz 145rpm

19.58kHz 124rpm

4.17

0.196N 18.55~20.20kHz

19.70kHz

100rpm

19.75kHz 91 rpm

(2)

4.18

80Vp-p 400Vp-p

142rpm 4.5N

260Vp-p 400Vp-p 25rpm

2.352N
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4.19 90Vp-p

400Vp-p 114rpm

5.88N 250Vp-p

400Vp-p 19rpm 120~320Vp-p

0.98N

4.4.2

(1)

4.15

20g

4.20 0.98N 1.96N

2.94N 3.92N

0.98N 1.96N 140Vp-p

0.069N-cm 0.192N-cm

3.92N

1.18N-cm

4.21 0.98N 1.96N 2.94N



38

3.92N 4.9N 5.88N 4.21 4.20

220Vp-p 0.98N

0.096N-cm 5.88N

1.482N-cm 1.96N 2.94N

2.94N

(2)

400Vp-p 20g

4.22

20g 0.98N

4.508N

1.139N-cm

4.23

20g 6.664N

1.592N-cm 4.23 4.22

4.4.3

400Vp-p
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4.24

1.372~4.508N

1.372N

90rpm

0.974N-cm 3.528N

4.508N

27rpm 3.169N-cm

4.25

0.98~5.684N 0.98N

2.548N 83rpm 55rpm

1.385N-cm 2.538N-cm

5.684N

4.239N-cm

4.4.4

0.98N

4.26 83rpm

50rpm 1.39N-cm

2N-cm

4.116N 4.27

-
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ANSYS

5.1

5.1.1

14mm 19mm

5kHz

4.4kHz 7kHz

A B

(c) Y

Y
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150~200

(c)

X-Z X-Y

X-Z X-Y X-Z

X-Y

X Y Z

(c) 3.25

X Z Y

3.29 UX UZ UY

X Y Z

5.1.2

5kHz

80Vp-p 400Vp-p
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142rpm 4.505N

27rpm 3.169N-cm

114rpm 4.239N-cm

5.2
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1 T-6061

& (kg/m3) (GPa ) '
2702 70 0.33

2 PZT-4 [25] 

11C 139 31e -5.2

12C 77.8 33e 15.1

13C 74.3

Piezoelectric 
constants

(C/m2)
15e 12.7

33C 115 11 0
 
 730

44C 25.6 33 0
 
 635

Elastic
constants

(GPa)

66C 30.6

Dielectric
constants

0
  (F/m) 128.854 10� 

Density (kg/m3) 7900
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3 20 L=30mm H=20mm t=2mm 

1~5 1 2 3 4 5

(Hz) 13490 13493 26347 26390 29511 
1~10 6 7 8 9 10

(Hz) 29514 36137 36148 42453 43015 
11~15 11 12 13 14 15

(Hz) 47592 48004 55279 61641 65615 
16~20 16 17 18 19 20

(Hz) 65630 66707 66731 75289 75302 
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4

L=30mm H=15mm La=15mm t=2mm 

1 2 3 4
 

(Hz) 52443 50577 48517 46733 45392 
5 6 7 8 9

 

(Hz) 44422 43713 43210 42910 42900 
1 2 3 4

 

(Hz) 79418 76198 69983 59988 52841 
5 6 7 8 9

 

(Hz) 48832 45234 45175 46069 47461 
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1.1 Barth [1]

$

1.2 Sashida [4]
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1.3 [6]

Direction of motion Pressure Pressure

Elliptical motion

Traveling wave 

A phase
B phase

Stator metal

Piezoelectric ceramic

Electrode

Direction of poling

Vsin t

Vcos t

1.4 [5]



53

$

1.5 Kumada [7]

1.6 Nakamura et al [8]
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pressure

slider
multilayered
piezoelectric actuator

Piezoelectric ceramic plate

stator

1.7 Toyoda Murano [9]

pre-pressure

back metal
column

front metal
column

piezoelectric plates

driving
 transducer

slidermoving
direction

1.8 Li and Zhao [10] 
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longitudinal
oscillation

bending
oscillation

elliptic
motion

1.9 Hemsel Wallaschek [11] 

1.10 Vyshnevskyy Kovalev [12] 
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sin( )t�

1.11 Vyshnevskyy Kovalev [13] 

1.12
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1.13

1.14
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2.1

2.2
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nu 1n�u 2n�u 3n�u n i�u

nF

1n�F

2n�F
3n�F

n i�F

3P

2P

1P

0P

iP1
TK

�u 2�u

...

2
TK 3

TK T
iK

3�u i�u

2.3 -

normalF

normalF

contact spring

px

(a)                             (b) 

2.4 (a) (b)
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2.5

2.6
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2.7

2.8
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2.9

  (a) 0" � ( (b) 45" � ( (c) 90" � (

2.10
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3.1

3.2
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3.3

3.4
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3.5

3.6
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