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a b s t r a c t

A new piezoelectric ultrasonic linear motor, shaped ‘Butterfly’ wings, has been developed for use in
thin electronic products, such as cellular phones and PDAs. The butterfly piezoelectric transducer with a
volume of 9 mm × 8 mm × 1 mm is composed of an elastic plate which includes a tip for energy transfer,
two protrusions, and two piezoelectric ceramics. The ultra slim butterfly motor with a thickness of ∼1 mm
vailable online 12 June 2010

eywords:
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ongitudinal and transverse modes

could be achieved by positioning the layered piezoelectric transducer and a linear guide in parallel. The
manufactured motor based on FEM analysis was successfully driven at the resonance frequency range
that combines the longitudinal and transverse vibration modes. The maximum velocity of 88 mm/s was
achieved at a driving frequency close to the pure vibration modes such as the longitudinal or transverse
modes. In opposite, the maximum thrust force of 162 g was obtained at a middle frequency between two
ltrasonic linear motor

lliptical motion vibration modes.

. Introduction

Compared with the conventional electromagnetic motors,
iezoelectric ultrasonic motors offer many advantages, such as high
etention being very controllable, high torque at low speed, light
eight, simple structure and no electromagnetic field induction

1–3]. These advantages have helped to expand the application
elds where precise position control and rotational/linear motions
an be utilized. Various kinds of the piezoelectric ultrasonic lin-
ar motors, using a traveling wave or an impact force, have been
roposed [4], and their applications have been intensively stud-

ed. Piezoelectric ultrasonic linear motors using the traveling wave,
ound in the literature [5,6], have been designed based on the com-
ination of two different vibration modes where the transverse and

ongitudinal modes are combined to achieve an elliptical motion on
he surface of the contact point. In recent years, micro industries
nd consumer devices such as mobile phones, PDAs, and micro-
ositioners, requiring very thin thickness as well as having very

ow energy consumption and manufacturing cost, call for linear
otors with extremely low profile. Although many of the proposed

iezoelectric transducers for the ultrasonic linear motors could

chieve large forces and high torques even with a small volume
f <1000 mm3, it was difficult to be installed inside thin electronic
evices due to the absence of low profile [7,8]. And also, most of
he proposed piezoelectric motors could not achieve the required

∗ Corresponding author. Tel.: +82 2 958 5550; fax: +82 2 958 6720.
E-mail address: sjyoon@kist.re.kr (S.-J. Yoon).

924-4247/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.sna.2010.06.009
© 2010 Elsevier B.V. All rights reserved.

thin layered structures due to their unique operating principles
and structures. To improve the design flexibility for the slim elec-
tronic devices, the thickness of piezoelectric transducer should be
less than 1 mm. Considering the operating principle of piezoelec-
tric motor, a low profile motor can be designed when the surface
of the piezoelectric ceramic and the moving axis become parallel.

In this paper, elliptical trajectory formation for a thin piezoelec-
tric ultrasonic linear motor is introduced and discussed. Structure
of the piezoelectric transducer was first simulated by ATILA in order
to determine the dimensions and the operating frequency offering
an effective elliptical motion for a piezoelectric linear motor. Based
on the simulation results, an ultrasonic linear motor has been man-
ufactured and its dynamic properties such as velocity and thrust
force have been investigated with respect to driving frequency.

2. Design and analysis

2.1. Structure of butterfly actuator

It is well known that piezoelectric ceramics release traveling
waves excited by natural vibrations when two standing waves with
a phase difference at resonance frequency are applied. An ellipti-
cal motion can be also excited when a couple of vibration modes
are effectively combined at a certain frequency range [10]. Based

on the elliptical motion, a new piezoelectric actuator named as a
‘Butterfly’ implying the butterfly wings motion has been designed
to produce mixed piezoelectric vibration modes, which are the
combination of the longitudinal and transverse vibrations. In par-
ticular, it was considered that the proposed butterfly piezoelectric

dx.doi.org/10.1016/j.sna.2010.06.009
http://www.sciencedirect.com/science/journal/09244247
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The uni-axial movement presenting the pure longitudinal mode
moving along Z-axis is changed to elliptical motions in the fre-
quency range of 108–117 kHz, and then the pure transverse mode
moving along X-axis is detected at 119 kHz. It is obvious, from
ig. 1. Configuration of the butterfly piezoelectric ultrasonic linear motor; (a) piezo-
lectric transducer, (b) stereoscopical view.

inear motor exhibits not only a low profile but also a direct lin-
ar motion by a point contact. The configuration of the butterfly
iezoelectric ultrasonic linear motor is shown in Fig. 1(a), where
he piezoelectric transducer is composed of an elastic plate includ-
ng two piezoelectric ceramic plates. The center of the elastic plate
onnecting two wings is bent to play a role of tip for a point con-
act to a linear guide so that the tip can transfer the mechanical
nergy formed by the piezoelectric vibration to the linear guide
s shown in Fig. 1(b). Two protrusions heading for the opposite
irection of the contact point tip are also built to fix the piezo-
lectric transducer to a supporter using epoxy. The most suitable
upporting method should be introduced to minimize the interfer-
nce against the piezoelectric vibrations and to fix the piezoelectric
ransducer to a frame through the supporter. To avoid complica-
ion of the structure, the tip and two protrusions coexist on the
lastic plate. The final dimension of the piezoelectric transducer is
mm × 8 mm × 1 mm, and the total height of the butterfly piezo-
lectric motor including the tip and supporter is ∼1 mm, achieving a
ow profile ultrasonic motor. Finally the supporter may be installed
o desired systems such as hinges of a sliding mobile phone or a
osition control unit. The piezoelectric ceramics are poled in the
hickness direction, and then firmly affixed on both the wings of
he elastic plate using an epoxy. The vibration of the piezoelectric
eramics is excited by applying two harmonic oscillations with a
hase difference of 90◦. It is expected that the elliptical trajectory
t the tip can be generated by superposing two resonance modes of
he piezoelectric ceramics such as the longitudinal and transverse

odes as reported elsewhere [9,10].

.2. FEM analysis

To find a proper driving frequency exciting an elliptical motion,
ibration mode analysis of the butterfly piezoelectric transducer
as been carried out via the ATILA simulation tool to verify whether
he designed structure mentioned in the previous section effec-

ively works. First of all, FEM modeling was employed to create

solid FE model which offers modal frequency and harmonic
esponse analyses. The resonance frequency and coupling coef-
cient of the piezoelectric transducer can be obtained from the
odal frequency analysis. The admittance characteristics as a
Fig. 2. Admittance plot and displacement shape as a function of frequency for the
Butterfly piezoelectric transducer.

function of frequency are shown in Fig. 2. Two major resonance
frequencies exhibiting considerably higher coupling coefficient are
observed at frequencies of 104 and 119 kHz. Utilizing the resonance
analysis, the piezoelectric vibration modes can be analyzed through
the harmonic response analysis as shown in the inside of Fig. 2, pre-
senting a longitudinal vibration at 104 kHz and a transverse one at
119 kHz, respectively. Although the electric signals with a phase
difference of 90◦ are applied to each piezoelectric element, the
vibration of the piezoelectric transducer presents one mode such
as the longitudinal or transverse ones for each resonance peak. The
motions of two butterfly wings are maintained in in-phase for the
longitudinal mode or 180◦ phase difference for the transverse mode
regardless of the phase difference of the driving potential, but these
uni-axial motions are unable to give effective dynamic motions for
the piezoelectric linear motor. In order to find frequencies offer-
ing superposition of two different resonance modes, the harmonic
response analysis were carefully carried out in the frequency range
of 104–119 kHz. Fig. 3 shows magnitudes and shapes of displace-
ments excited at several points of the examined frequency range.
Fig. 3. Magnitudes and shapes of displacement for the butterfly piezoelectric trans-
ducer between two different resonance frequencies. Magnitudes and shapes of the
displacement for the butterfly piezoelectric transducer fixed with two supporters
at different resonance frequencies.
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ig. 4. Admittance plots as a function of frequency for the butterfly piezoelectric
inear motor; (a) under no preload, (b) under preload.

he displacement shapes, that the vibrations induced at the inter-
ediate resonance frequencies show mixed modes by means of

uperposition between the longitudinal and transverse modes. In
eneral, a combination of two different vibration modes need to
e considered to obtain an elliptical trajectory motion and conse-
uently an optimal driving frequency can be determined between
he two resonance frequencies corresponding to the different vibra-
ion modes [7]. It is therefore expected that a driving frequency for
n actual motor can be determined using the resonance frequency
reating an effective elliptical motion.

. Results and discussion

Based on the simulation results, an actual piezoelectric trans-
ucer as shown in Fig. 1(a) has been manufactured. To find an ideal
orking frequency, admittance vs. frequency for the piezoelectric

ransducer has been first measured using an impedance analyzer
HP4192A) as shown in Fig. 4 (a). Fig. 4(a) shows the impedance
haracteristics of the transducer without a preload in order to
ompare with the simulation results. The resonant frequencies pre-
enting the longitudinal and transverse modes are observed at
round 100 and 114 kHz, respectively. This configuration is very
lose to the simulated results although slight discrepancy for the

esonance frequencies between the simulated and experimental
esults is observed because of the different conditions such as
echanical defects in the fixed area and adhesive strength between

he piezoelectric layer and the elastic plate. To prepare a final but-
erfly piezoelectric linear motor, a linear guide is placed on the tip
Fig. 5. Velocity and thrust force of the butterfly piezoelectric ultrasonic linear motor.

of the piezoelectric transducer and then a proper preload should
be applied to generate a frictional force between the tip and lin-
ear guide. Another admittance plot for the butterfly piezoelectric
linear motor under a preload is shown in Fig. 4(b). As the applied
preload increases, the resonant frequency of the transducer shifts
lower. The highest resonance peak is lowered to 93 kHz compared
to that of the piezoelectric transducer under no preload. At this
time, it should be verified that what mode exists in this peak. If a
single mode exists, the linear motion cannot be excited due to no
elliptical motions. However, if a superposition between two modes
is introduced under a certain preload, the linear guide is start-
ing to move by means of induced elliptical motions. The elliptical
motion introduced by the superposition between the longitudinal
and transverse modes can be verified using the characterization
of dynamic properties. A signal generator (WF1943A by NF) and a
high frequency amplifier (NF4010) were used as a driving power
source. Electrical and mechanical behavior of the motor was mea-
sured using a digital power gauge (WT1600 by Yokogawa). The
dynamic properties of the manufactured motor at a preload of 200 g
as a function of driving frequency are presented in Fig. 5. The veloc-
ity of the motor was measured with a laser doppler vibrometer
(VDD-Z-011 and OFV-551, by Polytec PI). Actuating force of the
motor was measured by a digital force gauge (DSP-5 by IMADA).
The motor is efficiently operated at a frequency just below or
above the highest frequency as shown in Fig. 4(b). It means that
the resonance peak as shown in Fig. 4(b) is not a pure transverse
vibration mode but a mixed mode by the superposition. The manu-
factured butterfly motor can be therefore operated in the frequency
range of 89–95 kHz to obtain the elliptical motion by the superpo-
sition of two different modes as shown in Fig. 5. It should be also
noted that the resonance peak shows wider bandwidth and broader
peak compared to that appeared in Fig. 4(a). Although two modes
are apparently superposed as a peak, the longitudinal and trans-
verse vibrations are clearly existed with very close clearance. The
piezoelectric motor working with a driving frequency close to the
longitudinal or transverse resonance ones results in higher velocity
because of strong tendency moving along one direction as shown
in Fig. 3. In opposite to this behavior, the thrust force is getting
greater as the driving frequency lies on the intermediate frequency
of two different resonance modes. Therefore, the driving frequency
can be easily selected according to the purpose of use. The butter-

fly piezoelectric ultrasonic linear motor exhibits considerably high
dynamic performance, such as a maximum velocity of ∼88 mm/s
and a maximum thrust force of 162 g at the frequency range of
89–95 kHz. Compared with commercialized motors [9] having a
volume of 53 mm3 and velocity of 100 mm/s, it is obvious that the
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ew motor presented in this paper can be a promising candidate
or future slim electronic devices.

. Conclusions

A novel butterfly-shaped piezoelectric ultrasonic linear motor
ith a traveling wave has been developed in order to present ultra

lim profile as well as a fast speed and a large force. Since a linear
uide as a moving element and a piezoelectric transducer consisted
f a thin elastic plate including two piezoelectric ceramics are posi-
ioned in parallel, the ultra slim type motor could be achieved. The
lliptical motions on the tip of piezoelectric transducer for the lin-
ar movement of butterfly motor could be achieved under a certain
reload using the superposition of the longitudinal and transverse
ibration modes. The manufactured butterfly motor with a very low
rofile of ∼1 mm has been successfully driven, presenting the fol-

owing dynamic properties; a maximum velocity of 88 mm/s and a
hrust force of 162 g at the intermediate frequency range between
wo different resonance frequencies. The dynamic characteristics
f the motor vary depending upon the driving frequency, i.e. the
loser to the pure resonance frequency the higher velocity and the
loser to the medium frequency the larger thrust force.
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