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Abstract: Piezoelectric friction-inertial motor is known for its promise for a long-range and high-resolution motion.
The movement of the slider/rotor of the motor is achieved by stick-slip effect. We report a relaxor-based-ferroelec-
tric-single-crystal cymbal actuator and a miniature piezoelectric friction-inertial linear motor (abbreviated as
PFILM) fabricated with the cymbal actuator. The cymbal actuator is fabricated with a 10 mm diameter disk of
0. 70Pb(Mg, /5 Nby,;)O3-0. 30PbTi0O; single crystal. The displacement of the cymbal actuator increases almost pro-
portionally from 0 to 23 pm with driving voltage up to 500 V, and the minimal hysteresis is observed. The cymbal-
PFILM with 20 mm motion range works under driving voltage frequency of ca. 100 Hz to ca. 5 kHz, the fastest
speed is obtained with 3.5 kHz and the no-load speed is 14 mm/s and the maximum thrust force is 98 mN. Com-
pared with a PFILM based on multilayer piezoelectric ceramic, the proposed motor has a larger stroke under DC/
quasistatic input voltage in fine motion mode, but a smaller driving force in long-travel mode due to lower reso-
nance frequency.
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0 Introduction

Friction-inertial motor is known for its
promise for a long-range and high-resolution mo-
tion. The movement of the slider/rotor of the
motor is achieved by stick-slip effect. The fric-
tion-inertial motor usually works with the piezoe-
lectric actuator to achieve high resolution. Piezoe-
lectric actuators refer to actuators made of piezoe-
lectric/electrostrictive materials such as lead-Pb
(PZT) lead-Pb

zinconate niobate (PZN) ceramics, and lead-Pb

zirconate titanate ceramics,
magnesium niobate (PMN) ceramics. The piezo-
electric actuator can provide motion with resolu-

tion down to sub-nanometers but with a short
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range (1-—100 pm). Therefore, a combined pie-
zoelectric and friction-inertial motor can achieve
motion with both high resolution and long range.
The high resolution and long range motion char-
acteristics of the piezoelectric friction-inertial mo-
tor distinguish it from other types of actuators,
and a literature review can be found in Ref. [1].
The accuracy is around tens of nanometers and
some have a few nanometers or sub-nanometers,
piezoelectric friction-inertial motors have found
most applications as a micro/nanopositioner in
microscopy (SEM, STM, AFM, TEM), in elec-
trical discharge machine, optical beam deflector,

nano-indentation system, and in the camera for
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lens driving™®.

In fine motion mode®, end effector (or
called rotor/slider) of the piezoelectric friction-
inertial motors sticks on the driving part of the
piezoelectric actuator. It is desired to have a large
stroke of the piezoelectric actuator. Increasing the
stroke can also induce high driving speed. How-
ever, large stroke and small size of the piezoelec-
tric actuator are mostly contradictory for applica-
tion in miniature devices. Therefore, efforts are
taken to utilize amplification mechanisms to en-
large the displacement of the piezoelectric actua-

L1l A cymbal actuator is a compact, low-

tor
cost flextensional transducer which amplifies the
radial displacement of a piezoelectric disk by using

two cymbal-shaped metal end caps '™

. Relaxor-
based ferroelectric single crystal materials that
exhibit extremely large piezoelectric constants
(ds;>2 500 pC/N), electrical field induced strain
(>0.6%), and electromechanical coupling coef-
ficients on the order of 90% have been repor-
ted-%,

axor-based-ferroelectric-single-crystal cymbal ac-

In the present work, we fabricated a rel-

tuator and characterized the performance of a pie-
zoelectric friction-inertial linear motor fabricated

with the cymbal actuator (abbreviated as cymbal-

PFILM).

1  Piezoelectric Single Crystal and
Cymbal Actuator

Relaxor-based ferroelectric single crystal ma-
terials achieve their ultrahigh piezoelectric proper-
ties via engineering domain states'’’?. The mate-
rial selected for study has a chemical composition
of 0. 70Pb(Mg,,; Nb,,;) O;-0. 30PbTiO; (abbrevi-
ated as PMN-30%PT) which is near the rhombo-
hedral-tetragonal morphotropic phase boundary.
It is a multi-domain single crystal poled along
[001], which is off the spontaneous polarization
direction of (111). We chose [001] as the thick-
ness direction of the crystal disk because of high
piezoelectric constant ds as well as weak trans-
verse anisotropy. According to the concept of do-

[18]

main engineering by Bell"'*, the crystal exhibits

macroscopic symmetry of 4 mm after poling along
the [ 001 ] direction. Davis et al. utilized the
physical property of single-domain PMN-33% PT
single crystal and coordinate transformations,
systematically calculated the effective dy val-
uest'™ . The calculated results demonstrated that
for the [001] poled PMN-33%PT single crystal,
the d;; value varied slightly from — 1 146. 1 to
—1157.6 pC/N in the plane. We measured the
piezoelectric constant dj; of PMN-30% PT single
crystals by using a quasistatic d;; meter (Z]-
3AN, Institute of Acoustics, Chinese Academy of
Science, Beijing, China). Single crystal samples
(dy;==2 000 pC/N) were used in this study.

The structure of fabricated cymbal actuator
is shown in Fig. 1. The two end caps were fabri-
cated with 0. 2 mm-thick titanium alloy sheet by
compression moulding. Titanium alloy was cho-
sen because of its high yield strength and moder-

ate Young's modules.
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Fig. 1 Structure of the fabricated cymbal actuator

Displacement of the center of the top cap was
measured using a fiber-optic sensor (MTI-2100,
MTTI Instruments Inc. , Albany, NY), and dur-
ing the measurement the cymbal actuator was
placed on a table. Displacement of a cymbal actu-
ator with varied driving voltage is plotted in
Fig. 2. It is seen that the displacement increases
almost proportionally from 0 to 23 pm with driv-
ing voltage up to 500 V, and the minimal hystere-
sis is observed. Driving voltages of 500 V to
1 000 V were applied and hysteresis appeared (the
results are not shown here), and it is found that
the cymbal actuator fatigued after several test cy-
cles. It is probably micro cracks which induce the
strain hysteresis and fatigue in the piezoelectric
single crystal'™ . Ternary Pb(In,, Nb,) O,-Pb
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(Mg,,); Nby,; ) O;-PbTiO,; (PIN-PMN-PT) single
crystals and manganese-doping were found to
show improved fatigue as well as comparable pie-
zoelectric properties, and can be used to improve
the cymbal’ s performance. It is noted that the
displacement of the cymbal actuator can be fur-
ther increased by optimizating the geometry of
the metal caps.
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Fig. 2 Displacement of a PMN-30%PT cymbal actua-

tor v. s. driving voltage

2 Friction-Inertial Linear Motor
Based on PMN-PT Cymbal Actu-
ator

The structure of the proposed piezoelectric
friction-inertial linear motor based on cymbal ac-
tuator and the photography of the fabricated
PMN-PT cymbal-PFILM are shown in Figs. 3(a)
and 3 (b),

forced-plastic shaft with 2 mm diameter and

respectively. A carbon-fiber-rein-
20 mm length was glued to the top cap of the
cymbal using epoxy. A slider with 1. 1 g mass
which consists of two divided bronze cylinders
was compressed against the shaft by a rubber
ring. The bottom surface of the PFILM was
glued on a base for measurement. The frequency
dependence of electrical impedance of the PFILM
was measured by using an impedance analyzer
(4294 A, Agilent Technologies Inc. , Santa Clara,
CA), and the results are shown in Fig. 4. The
frequency of the first electromechanical resonance
mode is 7. 7 kHz, and two spurious resonance

modes at 1.5 kHz and 5.5 kHz are observed.

Rubber ring
Slider

Shaft

Cymbal

(a) Structure of the proposed
piezoelectric friction-inertial
linear motor

(b) Photography of the fabricated
PMN-PT cymbal-PFILM

ig. 3 Structure of the proposed piezoelectric friction-
Fig.3 S f th d pi lectric fricti
inertial linear motor based on cymbal actuator,
and photography of the fabricated PMN-PT
cymbal-PFILM
10° 0
1-20
o} ‘B
> -40 —
g 10'f P
3 2
g -60 =~
k|
W 0
5 : : . : -100
e 0 5 10 15 20 25
Frequency / kHz
Fig. 4 Frequency dependence of electrical impedance

of PMN-PT cymbal PFILM

3 Vibration Modal Analysis by Fi-
nite Element Method

The vibration modes of the PMN-PT cymbal-
PFILM were calculated by the finite element
method (Ansys software, Ansys Inc., Canons-
burg, PA). The piezoelectric disk was meshed
with coupled-field element solid226. The metal
caps and carbon-fiber-reinforced-plastic shaft were
meshed with structural element solid186. Dis-
placements of nodes on bottom surface of the
PFILM were set as 0 for mechanical boundary
condition. The piezoelectric and elastic properties
of the PMN-30%PT single crystal are taken from
Ref. [20] and listed as follows:

Density: p=8 040 kg/m’

Elastic matrix in flexibility form. s® Cunit:

107" m*/N)
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[ 52 —18.9 —31.1 O 0 0
—18.9 52 —31.1 0 0 0
—31.1 —31.1 67.7 0 0 0
0 0 0 14 0 0
0 0 0 0 14 0
L0 0 0 o 0 15.2
Piezoelectric matrix in d form (unit: pC/N)
0 0 0 0 190 0
0 0 0 190 0 0
—921 —921 1981 0 0 0
Relative permittivity (g'/g,)
3 600 0 0
0 3 600 0
0 0 7 800

The material parameters of titanium cap
were set as density p=4 850 kg/m’, Young' s
modulus Y =102 GPa, and Poisson’s ratio ¢ =
0.3. For carbon-fiber-reinforced-plastic shaft,
p=1497 kg/m’, Y=181 GPa, and =0. 3.

Fig. 5 shows the first three resonance modes
of the PFILM. The two modes at 1. 59 kHz (Fig.
5(a)) and 5. 83 kHz (Fig. 5(b)) corresponding to
the two spurious modes in Fig. 4 are bending vi-
bration modes, which can be eliminated by clam-
ping the free end of the shaft with damping rub-
ber. The mode at 8. 61 kHz (Fig. 5(c¢)) corre-
sponds to the main electromechanical resonance
mode at 7.7 kHz in Fig. 4, the difference between
the calculated and measured resonance frequencies
is due to inaccuracy of materials parameters for
simulation and geometric deviation in fabrication.
Compared with a PFILM based on multilayer pie-
zoelectric ceramict'®?Y, the PMN-PT cymbal-
PFILM has a larger displacement under DC/qua-
sistatic input voltage, but a lower resonance fre-
quency, which leads to a smaller transient accel-
eration (i. e. a smaller driving force) under step

input voltage.

4 Performance of PMN-PT Cymbal-
PFILM

The performance of the PMN-PT cymbal-
PFILM was then characterized by setup as shown
in Fig.6. A 5 V-sawtooth signal output by a

Fig. 5 The calculated first three resonance modes of

PFILM at different frequencies

function generator is amplified by a high-voltage
amplifier (BOP 1 000M., Kepco Inc., NY) and
then applied to the actuator. The load was applied
by hanging a mass via a pulley. The average ve-
locity of the slider was obtained by measuring the
travel distance and time. It is noted that velocity

of the slider varied slightly along the shaft"**%,
Arbitrary
function
generator

Cymbal PFILM

= . Laser Doppler

@ - vibrometer

@ High-voltage =

% amplifier g >

2l T |Out = 213

] =\ s

©n - & >
Drive voltage m 2
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Fig. 6 Experiment setup for measurement of cymbal-

PFILM

The actuator works with driving voltage fre-
quency of ca. 100 Hz to ca. 5 kHz, the fastest
speed was obtained with 3. 5 kHz and the corre-
sponding speed-load characteristics of the actuator
is shown in Fig. 7. An appropriate pre-stressing
force between the slider and the shaft was provid-
ed by the rubber ring, the static friction force was
measured to be 0. 84 N, the no-load speed was 14
mm/s and the maximum thrust force was 98 mN.
The performance of the actuator can be further
enhanced by optimizing the pre-stressing force
and slider-shaft frictional interface.

A laser Doppler vibrometer (OFV505, Poly-
tec GmbH, Waldbronn, Germany) was utilized
to measure the vibration of the shaft end of the

PFILM as well as the movement of the slider.
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Fig. 7 The measured speed-load characteristics of

PMN-PT cymbal-PFILM

g ~ 010
2E% 005
S5 g 000
> >~ -0.05 )
-
<
E° 4 . .
Z
4001
gg 300
& S>200¢
o
> 100 .
39
5 4
Z> 2
2. 0t . ; . )
=2 -1.0 -0.5 0.0 0.5 1.0
Time / ms
(a) 0% symmetry of input signal
a7~
9 ..B_:Tm
8.
O =
STE
=
o =
55
85
&
a
v@ 400
Dég > 300
£ 200 . .
g) 6
2>
g 0 . . .
= -10 -0.5 0.0 0.5 1.0
Time / ms

(b) 100% symmetry of input signal

Fig. 8 Vibration characteristics of shaft of PMN-PT
cymbal-PFILM in response to sawtooth driving

voltages with 3.5 kHz frequency

Fig. 8 shows the vibration characteristics of the

shaft end in response to sawtooth driving volta-

ges. Due to the frequency bandwidth and current
limitation of the voltage amplifier, the drive volt-
age distorts slightly from ideal sawtooth wave-
form. The displacement of the shaft follows the
drive voltage waveform. The characteristics are
desirable to have the inertia properties for the ac-
tuator, which means that the shaft rises slowly in
one direction and falls rapidly in the opposite.
The measured amplitude of displacement is 5. 8
pm with a sawtooth drive voltage of 260 V (peak-
to-peak value), as shown in Fig. 8. The displace-
ment of the shaft with a 100 Hz triangle driving
voltage of 500 V was measured to be 11. 4 pm
(not shown here), which is smaller than quasis-
tatic displacement (23 pm) of PMN-PT cymbal
under a free boundary condition. The epoxy on
top and bottom surfaces of the cymbal used for
assembly induces the decrease of displacement,
and reducing the top/bottom surface areas will
mitigate this problem.

Fig. 9 shows the movement of the slider un-
der sawtooth input signal with 0% symmetry, no
load was applied during the measurement. The
operation of the PFILM is stable after the initial
1—2 pulse cycles, and the average step distance
per pulse is 4. 4 ym. The operation of the PFIA
was not stable when using 1 or 2 pulse cycles.
The reason may be in the first cycle, the inertial
force is not large enough to overcome the static
friction force. Since the maximum displacement
of the PFIA in DC (or quasistatic) mode, 11. 4
pm is larger than the average step distance, fast
and precise positioning with nanometer precision

in closed-loop control can be achieved.
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Fig. 9 Movement of the slider under sawtooth input

signal
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5 Conclusions

We have fabricated a relaxor-based-ferroelec-
tric-single-crystal cymbal actuator and character-
ized the performance of a miniature PFILM fabri-
cated with the cymbal actuator. The cymbal actu-
ator was fabricated with a 10 mm diameter disk of
0. 70Pb(Mg,,; Nb,,; ) O;-0. 30PbTiO, single crys-
tal. The displacement of the cymbal actuator in-
creases almost proportionally from 0 to 23 pm
with driving voltage up to 500 V, and minimal
hysteresis is observed. The cymbal-PFILM with
20 mm motion range works under driving voltage
The
fastest speed is obtained with 3.5 kHz. And the

frequency of about 100 Hz to about 5 kHz.

no-load speed is 14 mm/s and the maximum
thrust force is 98 mN. The measured and calcu-
lated electromechanical resonance frequencies of
the PFILM are 7. 7 kHz and 8. 61 kHz, respec-
tively. Compared with a PFILM based on multi-
layer piezoelectric ceramic, the PMN-PT cymbal-
PFILM has a larger displacement under DC/qua-
sistatic input voltage in fine motion mode, but a
smaller driving force in long-travel mode due to
lower resonance frequency. The PMN-PT cym-
bal-PFILLM has potential to be applied to minia-
ture devices, such as in endoscope for actuating

the confocal laser endomicroscope probe.
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