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Abstract

A piezoelectric curvilinear arc driver designed for an ulirasonic curvilinear motor is evaluated in this study. A design of
piezoelectric curvilinear arc driver is proposed and its governing equations, vibration behaviour and wave propagation are
investigated. Then, analysis of forced vibration response or driving characteristics to harmonic excitations in the modal
domain is conducted. Finite element modelling and analysis of the arc driver are also discussed. Anatytical results of free
vibration characteristics are compared favourably with the finite element results. Harmonic analyses of the three finite
element models reveal changes of dynamic behaviours of three models and also imply operating frequencies with a
significant travelling wave component. Parametric study of mathematical and finite element simulation results suggests
that stable travelling waves can be generated 1o drive a rotor on the proposed curvilinear arc motor system.

1 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Ultrasonic motors have been continuously developed and tested over a decade and most of ultrasonic
vibration actuators are based on piezoclectnic or electrostrictive materials bonded with elastic motor structures
designed for either linear or rotary motions [1-3]. An ultrasonic motor system usually consists of a stator and
a rotor and the travelling wave(s) generated at the stator driving the rotor is a key design parameter governing
the overall motor performance. (Note that the travelling wave is also often referred as the propagating wave.)
In this research, a curvilinear arc driver (stator} of an ultrasonic curvilinear arc motor illustrated in Fig. 1 is
studied. The circular arc stator drives and guides a rotor along the arc to any specific angular position on the
arc surface. Electro-dynamics, vibration characteristics and mechanical response of the designed curvilinear
arc stator are investigated in this study.
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Fig. 1. Schematic diagram of the curvilinear arc driver/rotor.

Uniike vibrations in piezoclectric circular disk ultrasonic motors [1,2], boundary conditions of the circular
arc reflect the waves when those generated waves reach the boundaries. This may generate undesirable
standing waves interferencing the motor performance. There are techniques to generate travelling waves in
finite length mediums. One technique is to use two actuators with one vibrator at one end to generate
vibrations and one absorber at the other end to absorb those vibrations [4]. This technique generates only one-
way travelling wave. Another technique is to use two vibrators at the opposite ends to generate travelling
waves by superposing two standing waves with different phases [5). This technique is capable of generating
either forward or backward travelling wave by the paired vibrators operating in appropriate phases. The other
technique is to use the piezoelectric patches bonded with an elastic medium producing travelling waves by
superposing two standing waves. The pattern of piezoelectric patches is designed so that they can generate two
sinusoidal waveforms at different time and location phases [2,6]. External vibrators are no longer needed in
this set-up, since the waves are generated by bonded patches. This motor construction is relatively simple and
flexible. However, wave reflection at the boundaries is prohibited, because this can interfere and distort the
pattern of travelling waves. In practice, damping materials are attached to the boundaries to prevent the wave
reflection. Ultrasonic motors made of finite length medium {e.g. plates and beams) laminated with
piezoelectric have been reported [6-8], but those are designed for linear translational motions. Piezoelectric
circular arc structures were also studied i vibration control applications [9-11]. Analytical evaluation of
micro-actuations of piezoelectric actuator patches bonded on a curvilinear arc stator has been recently
reported [12]. In this study, a design of piezoelectric curvilinear arc stator/motor is proposed and its governing
equations, free-vibration characteristics, harmonic responses, and travelling waves are presented. Analytical
solutions are compared with finite element (FE) results and the arc stator’s driving capabilities and
characteristics are evaluated.

2. Design and modelling of circular arc drivers

A stator driving mechanism consists of an elastic circular arc bonded with piezoelectric patches coordinated
as a vibration actnator generating travelling waves driving a rotor in an ultrasonic motor system. Fig. 2
illustrates a piezoelectric actuator pattern design that produces a progressive in-plane flexural wave at the
k = 9 mode shape. Design principle of the piezoelectric pattern was discussed {2,6] and analysis of actuator
location and size was recently reported [12]. The length of one actuator patch is 1/2, where 4 1s the wavelength.
Two groups of the actuators (top and bottom sets) are placed a quarter wavelength (4/4)} offset on the stator.
The top and bottom groups are excited by a pair of electrical signals 4 cos(wt) and A sin{wt) respectively,
where A is the amplitude and o is the driving frequency. For a finite length medium, attenuation of the
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Fig. 2. The construction of piczoelectric circular arc driver.

travelling wave at the boundaries is crucial to form a stable travelling wave [6]. Accordingly, a damping
segment to prevent the wave refiection is added between the rigid support and the piezoelectric actuator
segment to maintain a stable travelling wave. In this design, a A/4-length damping material is attached at the
boundaries to prevent the wave reflection.

It is assumed that the segmented piezoelectric actuators are perfectly bonded with the elastic arc. An
arbitrary segmented piezoelectric actuator patch is defined from ¢, to ¢, in the ¢-direction and from y, to y»
in the y-direction on the elastic arc (Fig. 2). Influence of the actuator mass on the overall system dynamics is
neglected when defining the mathematical model of the system. However, the piezoelectric actuator-induced
control force Ny, and moment My, are added to the governing equations of the circular arc and the
equations of motion becomes [12]

ANy — Niy) s
5 Cas + Ray = Reh )
6Q¢3 ¢ 62u3
o (NM, - NM) + Rgy = Roh=% (2)
and
1 8(Mop — My, )
O =g~ ()

where Ny is the elastic membrane force, Mg is the bending moment, Qs denotes the transverse shear stress
resultant, g; is the external excitation, p is the mass density, # is the arc thickness, and u; is the displacement in
the i-direction. Note that ¢; can also be discrete or distributed control forces. Free vibration behaviours are
analysed next, followed by actuation forces/moments and harmonic forced vibration analysis.

3. Free vibration and natural modes

It is assumed that the arc stator of the ultrasonic motor has simply supported boundary ends and its
dominating vibration modes are (1) the circumferential modes Uy, and (2) the transverse modes Us;. Even and
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odd natural mode shapes and their natural frequencies f, are, respectively, defined as [12-14]
(1) Even Modes: k = 2.4.6,...

1/2

(@)
kin? kn _}1

fi= for k=2,4,6,..., (@)
* 7 27 (Réy)’ 1+3(@)2 phb
kn
Upr = %% [] -—cos(?)], .
o
Uy = —Sin(@). for k=2,4,6,.... {5,6)
b

(2) Odd Modes: k= 3,5,7,...

1/2

b0\
i {1_ (H) } Yi

fi= . > —— for k=3,57,..., N
2n(Réby) 144+ 2(%) phb

= =i [ (3) —me=(G))

Uy = —sin(%?)—i—%sin(%), for k=3,57,..., (8,9

where k is the mode (or wave) number, f; is the natural frequency in (Hz), Y is the modulus of elasticity, Iis
the area moment of inertia, p is the mass density, k is the thickness of the arc, b is the width of the arc, Ugy, Use
are the it mode shapes, respectively, corresponding to the ¢- and 3-directions; ¢ defines the angular position
on the arc; and ¢, is the curvature angle of the arc. Examining the mode shape equations (Egs. (5)-(6) and
{(8)—(9)) suggest that the transverse flexural mode dominates and the in-plane membrane mode diminishes at
the high modes since the mode number appears on the denominator.

4. Actuation forces and moments

In this section, actuation forces and moments of a generic piezoelectric actuator laminated on a circular arc
is discussed. The circular arc driver is bonded with a piezoelectric actuator patch defined from ¢, to ¢, in the
angular position and has the same width as the arc stator b as ijlustrated in Fig. 3. It is assumed that the radius
of curvature of the actuator patch is (R + /24 #°/2) ~ R, where h is the stator thickness and A” is the
actuator thickness. Thus, the effective actuator area S° can be approximated as Rb{¢, ~ d,).

It is assumed that only a transverse voltage ¢” is applied. If the electrode resistance is neglected, the voltage
across the piezoelectric actuator patch is constant. Thus, an actuator voltage ¢“(y.¢. 1) applied to the
distributed piezoelectric actuator patch is

0, §,0) = (D [uky ~ 31) — us(y — 32)] [sld — b)) — u(d — $2)}, (10}
where u, represents a unit step function, u(¢p — ¢;) =1 when ¢=¢;, and = 0 when é<¢;. The spatial
derivatives are

0

TS ¢, &, 1) = (O [us(y — ¥1) — uly — ¥2)] [5d — b)) — (b — y)], an
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Fig. 3. A piezoelectric Jaminated circular arc,

where (- ) is the Dirac delta function: 6(¢ — ¢;) = 1 when ¢ = ¢;, and 0 when ¢p#¢,. Then, the actuation
force Ny, and actuation moment My, in the ¢-direction induced by the piezoelectric actuator patch can be
defined as

oo = Yodn o luy — ») - u(y = y2)] [s(d — &) — usld — 42)], (12)
to = " Yodud? [y — 31) — w(y — y2)] [1us(d — &) — u(d — §2)], (13)

where Y, is the actuator elastic modulus, 3, is the piezoelectric strain constant, 7 1s the effective moment arm
(distance from the neutral surface to the mid-plane of the actuator patch).

5. Harmonic excitation and response

The modal expansion method is used to evaluate forced vibration behaviour and harmonic response of the
arc stator. It is assumed that the excitation force is independent of the motion of the structure and the amount
of participation of each mode in the total dynamic response is defined by the modal participation factor [15].
Thus, the total response of the arc, i.e. u{),f), can be written as

o
ui(h, ) =D mUx($), (14)
k:z
where i = §,3; T.(?) is the modal participation factor and Uy(¢) is the mode shape function in the i-direction.
Using Eq. (14), integrating over the arc surface and imposing modal orthogonality [15], one can derive the kth
modal equation of the circular arc as

i+ 2 wpine + g = Fo (0 + Fi(d) = Fils), 1s)

where the modal damping ratio { = ¢/2phwy and ¢ is the damping factor usua]ly experimentally estimated,
oy is the kth mode natural frequency; Fm (1) is the mechanical excitation, Fk(t) is the electrical control
excitation, Fk(t) is the total modal force. In thlS case, it is assumed that the mechanical excitation is neglected
thus the excitation Fi(r) is the only electrical actuation input used to generate driving waves. The curvilinear
arc driver is excited by harmonic electrical excitations as shown in Fig. 2. Accordingly, the steady-state
response to harmonic cxcitation can be determined as follows:

‘The excitation force F(£) in Eq. (15) can be separated into a harmonic excitation part & and a spatial part
i, 4o LEL,

Fi(ny = Fle, : (16}
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where

Fi _thkf/{ZLH(qﬁa)Urk}A]Azdd)dy an

and w is the excitation frequency, Lf () is the electrical Love’s operator derived from the converse
piezoelectric effect and it is defined as a function of spatial coordinates only [16]. The modal participation
equation further becomes

By + 2 oxmy, + wing = Fr o (18)

For a harmonic excitation, the steady-state response of modal participation factor n.(f) is also a harmionic
function.

1ll) = A% . (19)
Substituting Eq. (19) into Eq. (18) and rearranging gives

~7

Are % = Fi (20)

(Wi — wd) + 2w

The magnitude Ay and phase lag ¢, of the harmonic response are

M= - (21)
COi\/[(l - {w/wk)z)] 4 43 (w/cok)
et [ 2
¢y, = tan [1 — (w/wk)z] . (22)

Substituting Love’s operators into Eq. (17) gives

Ao | {5 (Rt o

104, — Ny | | Uni {4142 ddpd 23
+HﬁRc¢.‘ w o ArA2ddy. (23)

Eq. (23) shows that the modal control force consists of four control force components. There are (1) the
membrane component Tk_UdJ,mem induced by Uy (2) the membrane component Tk_U],mem inguced by U (3)
the bending component induced Tk _uy, bena by Uy and (4) the bending component induced Tk _y; bend by Usi.
Hence, the modal control force can be expressed in terms of control membrane and bending components as
follows:

F ;( = Tkﬁb’tb,mcm + T k Us,mem T fk_uq,,bend + Tk_U;,bend 24
and

A Y, dy¢%h

Ty vymem = !;;,3—;]\,?:((]“’2" — Up)s (25)

. Y, dy¢°b /

i vamen = 2 | Ui dép, (26)

k_U3,mem phNE o, 3
. Y ds b :
Ti_vyvend = A(U%k = Ugi) (27

Rthk '
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) , (28)
d=b;

where Y, is the actuator elastic modulus, ds, is the piezoelectric strain constant, r? is the effective moment arm
(a distance from arc’s neutral surface to the mid-plane of the actuator patch) and ¢ is a transverse applied
voltage. To analyse the system dynamic responses, the mechanical properties of piezoelectric arc structure are
considered based on elastic properties of the lamina. By the rule of mixtures, density of the structure is

OUs
=4 0

Ty Uy bend =

Y, dy b [OU3
Rthk a¢

Pe = VpnfPpn + VstatorPaator- (29)
Young's modulus in transverse direction is estimated as .

¥ gator Yp

Y. =
¢ (Up Y qator + stator Yp)

, (30)

where v, 1s the volume fraction of piezoelectric material, v 15 the volume fractions of the stator material
and Y., is the Young’s modulus of the stator material {17,18]. It is assumed that effect of damping matenals
added to boundaries can be neglected in the effective density, Eq. (29), and Young’s modulus, Eq. (30), of the
structure. The harmonic steady-state force response is analysed. Based on the principle of superposition, the
total forced response of the piezoelectric circular arc can be determined by superposing the responses induced
by respective actuator patches. In order to validate the analytical solutions, the piezoelectric circular arc stator
is also modelled and analysed with a FE code ANSYS. FE modeliling is discussed next.

6. Finite element analysis

A FE software (ANSYS) is used to model the piezoelectric curvilinear arc driver and to evaluate the system
responses in case studies. In this FE analysis, influence of piezoelectric actuator to the system dynamics 1s
taken into consideration. The stator system model consists of a steel circular arc (i.e. the stator structure),
piezoelectric actuator patches and damping materials (Fig. 2). It is assumed that there is no in-plane deflection
in the y-direction. Hence, the system is simplified to a 2D problem. In ANSYS, PLANE!3 element type is used
to simulate the coupled-field (electromechanical) effect of piezoelectric material. The elements and nodal
coordinates of the FE model are rotated parallel to local cylindrical coordinate.

There are two types of boundary conditions evaluated in ANSYS analyses. One is the simply support
boundary condition. However, in practice, it is difficult to implement ideal simply support boundary
conditions. Hence, a second type boundary condition, i.e. the modified-simply support boundary condition, is
considered to mimic the experimental boundary condition. The modified-simply suppert boundary condition
consists of (1) nodal displacements of boundary nodes at ¢ = 0 and /2 in the ¢-direction are zero and (2)
nodal displacements of stator’s mid-span at ¢ =0 and #/2 in the 3-direction are zero. Furthermore, the
sinusoidal electrical excitations with amplitude of 10V are applied on the surface nodes of piezoelectric
actuators. Dimensions of the circular arc are arc radius R = 60mm, arc width » = 9mm, arc thickness
h=1mm, arc angle ¢, =n/2, and piezoelectric lead zirconate-titanate (PZT-4) actuator thickness
4% = 0.5 mm. Other material properties of the circular arc stator, piezoelectric actuator and damping material
are summarised in Fable 1.

7. Evaluation of stator characteristics

Dynamic behaviour and harmonic characteristics of the ultrasonic arc stator system are evaluated using the
analytical and FE techniques in this section. Natural frequencies are evaluated first, followed by forced
harmonic responses and driving characteristics at various excitation frequencies fo determine the operating
frequencies generating perfect travelling waves.
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Table 1
Material Properties

Lead-Zirconate-Titanate PZT-4 actuator®  Steel circular arc  Silicon rubber damping material ~ Unit

Young's modulus 80 (¥p) 210 { Yaasor) 42 %1073 (¥ GPa

Density 7550 (p,) 7860 (Paaror) 1510 (o ) kg/m?

Potsson’s ratio 0.34 (1) 0.27 (tsimor) 0.45 (uy)

Damping coefficient — — 0.002

Piezoelectric constant

ds, ~12x107'° — — m/v

13 15.1 — — C/m’

€1 —-52 - — C,{mz

255 12.7 — — C/m?

Permittivity 1.15 % 107 (g43) — — F/m
*Ref. [19].

Table 2

The in-plane natural frequencies of the arc stator

Maode (k} Natural Frequencies (Hz)
Analytical ANSYS (Without Analytical (With ANSYS (With ANSYS (PZT/
(Without PZT) PZT) PZT) PZT) modified support)
2 908 944 . 1362.4 1350 1819
3 2138 2222 3207.3 3119 3688
4 4062 4243 6094.4 5868 6984
5 6343 6616 9517.5 8709 9679* and 12322°
6 9337 9796 14009 13106 15182
7 12671 12701° and 14524 [2012 18121 20717
8 16724 17657 25093 22901 24 637
9 21 113 22627 31678 29827 33089
10 26223 27791 39345 37140 40 563
bl 31666 34132 47513 44 863 47318

“antisymmetric mode about midspan.

7.1. Natural frequencies

From the given dimensions and material properties (Table 1) of the ultrasonic stator system, the in-plane
flexural natural frequencies (mode k& = 2,3,4...11) of the models with and without piezoelectric layers are,
respectively, calculated and compared (Table 2).

Comparing the analytical data (the st column) and the FE results (the 2nd column) of the circular arc
without piezoelectric actuators shows that the natural frequencies are compared well, 1.¢. about 4% difference
at low modes and about 7.8% difference at high modes. Then, the piezoelectric actuator patches are integrated
into the stator system and the analytical natural frequencies (the 3rd column) are still comparable with the
ANSYS results (the 4th column). The results show that the natural frequencies increase when integrating
piezoelectric actuators into the stator system, because piezoelectric actuators increase the system stiffness. The
tast column shows that the modified simply support also increases the natural frequencies due to the increased
system stiffness as well. Note that the motor operating frequency should be in ultrasonic range (above 20kHz)
in order to avoid audible noise. Thus, the 9th mode is selected to be the operating mode and the PZT patch
pattern is designed to generated travelling wave corresponding to the operating mode (Fig. 2). Curvilinear arc
stator responses to harmonic clectrical excitations are studied next.
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7.2. Forced vibration responses

The piezoelectric circular arc stator is considered as a composite lamina. It is assumed that the system is
undamped and boundary condition is simply support. The top and bottom groups of piezoelectric actuators
are excited by electrical signals 10 cos(at) and 10 sin(wmt), respectively. Analytical data of the simply supported
stator mode! indicate that the travelling waves can be generated within narrow bands of excitation frequencies,
due to specified actuator design patterns. Figs. 4 and 5 illustrate the wave propagations at excitation
frequencies of 18 102 and 50 000 Hz respectively. These results suggest that the propagating waves well occur
at approximately I8 and 50kHz. Comparing these two operating frequencies indicates that the wave
amplitude at the low operating frequency (18 102 Hz) is higher than that of the high operating frequency
(50 000 Hz). But the number of wave crests at the high operating frequency is greater than that at the low
operating frequency.

Sine sweep excitation, i.e. changing excitation frequencies, is used to examine the travelling and standing
wave components in the total system response. Simulation results show that pure standing waves occur
when the system is excited within narrow bands of the natural frequencies. Otherwise, the waves are
combinations of travelling and standing waves. It appears that the amplitude of the travelling waves is not
consistent along the arc length and the standing waves mostly occur near the boundaries. Effective travelling
waves driving a rotor need consistent amplitudes along the arc length. However, in practice, the consistent-
amplitude section is less than the arc length, since the waves have to dissipate at boundaries in order to avoid
wave reflections. (Note that travelling waves of the arc stator are different from those of a full-revolution
piezoelectric disk motor with free boundary conditions.) To select a suitable design, to maximise the
consistency of wave amplitudes, and to decrease the wave reflection on the arc stator, damping materials are
integrated into the system boundaries (Fig. 2). Accordingly, the boundary conditions need to be modified to
mimic boundary conditions in practical implementation. Because of the limitation of analytical sohution
technique to deal with the modified boundary condition, a FE mode} is used to further evaluate the harmonic
responses presented next.

x 107
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R S berzesssigessereneenoos freenesazznansonan e dmemmn e =
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Fig. 4. The wave propagation on piczoelectric circular arc at 18 102 He.



P. Smithmaitrie et al. | Mechanical Systems and Signal Processing 21 (2007} 1174-1187 1183

) X 107
05 boomrmmm e eeee -. ....................... J .......... up,a/ua_.,
0 t b YRS
“0.5 feesremrmmmeenmneees beemmne e s T -
1 I | 1
107
17 T : :
E 05 frmrrreen e eeseenen s S dommn e :
o —_—- H H
0 e ; :
c O : : el :
R 0 S R T TR e L -
QO H 4 H
S I ] 1

Angular position, ¢

Fig. 5. The wave propagation on piezoelectric circular arc at 50000 Hz.
7.3. Harmonic analysis of curvilinear arc stator

Three FE models of the arc stator i.¢. (1) the simply supported boundary condition, (2) the modified simply
supported boundary condition, and (3) the modified simply supported boundary condition with damping
materials) are used to study the harmonic responses of the curvilinear arc stator subjected to the sinusoidal
electrical excitations with amplitude of 10V. The top group actuators are excited with 10cos(ot) while the
bottom ones are subjected to 10sin{wt). The excitation frequency o is varied from 0 to 60000 Hz. Transverse
displacement responses of the mid-span node at ¢ = n/4 are obtained for the three FE models with various
boundary conditions. Fig. 6 shows the frequency response of the arc stator system with simply support
boundary condition; Fig. 7 shows the response of the structure without the damping material, but with the
modified simply supported boundary conditions; and Fig. 8 illustrates the response of the structure with
damping materials and modified boundary conditions. Comparing Figs. 6 and 7 indicate that the resonance
and antiresonance frequencies of the arc stator system increase when boundary conditions are modified. This
implies the structure becomes stiffer. Comparing Figs. 7 and 8 suggests that the resonance and antiresonance
frequencies do not change, but their amplitudes decrease after the damping materials are added to the system.

The harmonic analysis results (Figs. 6-8) suggest that the amplitudes of the mid-span node are high when
the system is excited in the neighbourhood of the natural frequencies and the present actuator design pattern
does not excite all natural modes [12]. However, these harmonic frequency responses do not reveal what
frequency ranges that yield the travelling waves. Accordingly, wave propagation characteristics in time-
domain are analysed next.

7.4. Wave propagation of curvilinear arc stator

To evaluate the wave propagation (or travelling wave) characteristics, the third FE model - the candidate
prototype model (i.e. with modified B.Cs and damping) is analysed. Examining the time-history responses at
various excitation frequencies suggests that pure standing waves occur when the system is excited within a
narrow band of the natural frequencies and pure travelling waves occur at excitation frequencies
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Fig. 6. Harmonic response of the simply supported arc stator.
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Fig. 7. Harmonic response of the modified simply supported arc stator without damping material.

approximately 18 and 47 kHz for the stator with damped boundary condition, as illustrated in Figs. 9 and 10.
Otherwise, the responses are combinations of standing and traveliing waves.

Referring to the harmonic response in Fig. 8, 18 and 47kHz are in the range of antiresonance frequencies.
This implies that the pure travelling waves occur at antiresonance frequencies. Investigating the simulation
results also suggests that the added damping materials improve the travelling wave especially at the high
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Fig. 8. Harmonic response of the modified simply supported arc stator with damping materials.
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Fig. 1¢. Response of the stator in time domain at 47 200 Hz by ANSYS.
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operating frequencies in the selected design. To further evaluate the operating frequencies, time-domain
simulations of the analytical solutions of the simply supported (the 1st) model are also carried out. The
inferred operating frequencies are, respectively, 18 and 50kHz (Figs. 4 and 5) and these are very close to the
FE predictions. Although the models are stightly different, these data provide a good estimation of the selected
stator design.

3. Conclusions

The objective of this study is to evaluate dynamic characteristics and curvilinear wave generation ol an
ultrasonic arc stator designed as a key driver component in an ultrasonic curvilinear motor. Based on the
proposed actuator pattern and structural design, its system governing equations, free-vibration behavnour
harmonic responses and wave (i.e. standing and travelling) characteristics were discussed in this study.
Analytical solutions were compared with finite element (FE) (ANSYS) simulation results. Furthermore,
dynamic effects and wave characteristics contributed by various boundary conditions, i.e. with and without
damping materials, were studied based on FE simulations of three FE models. Both analytical data and
ANSYS simulation results suggest the same trend that pure standing waves occur when the system is excited
within narrow bands of the resonance frequencies. The analytical result of the model with the simply
supported boundary condition yields the travelling waves at the operating frequencies approximately 18 and
50kHz. The FE analysis of the model with the modified simply supported boundary condition and damping
materials gives the operating frequencies at approximately 18 and 47 kHz. Although the models are slightly
different, these data provide a good estimation of the selected stator design. The amplitude of the travelling
wave at the low operating frequency is greater than that at the high operating frequency. At other excitation
frequencies, the waves are combinations of standing and travelling waves. In summary, a design of
piezoelectric curvilinear arc driver (stator) is proposed and simulated to determine operating frequencies by
both analytical and FE methods. Analysis data suggests that stable travelling waves can be generated in the
finite length circular arc by bonded piezoelectric actuator segments. Design and analysis methodology
presented in this paper also serves an effective procedure to predict the curvilinear motion and dynamic
characteristic of ultrasonic motor designs and applications. Prototyping of the proposed design 1s underway
and its testing and performance evaluation will be reported shortly.
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