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Abstract This paper presents original results obtained in
the development of dome-shaped actuator for a linear motor
application. The main structure of compact ultrasonic linear
motor presented in this paper consists of three parts, which
were an actuating part, a shaft and mobile element. The
actuating part was fabricated by powder injection molding
(PIM) process. The linear motion of new-type linear motor
was operated by the principle of inertia displacement. The
actuating part combined with clamping ceramic element can
be realized by the central movement of dome-shaped piezo-
electric actuator (DSPA), which has the maximum displace-
ment of the up-and-down movement. The linear motor,
where DSPA was 9.86 mm in diameter, 4.6 mm in curvature
of radius and 0.4 mm in thickness, operated at 1*' resonance
frequency. The dynamic characteristics of the motor was
investigated by finite element method (FEM) and compared
with experimental results. These results were in good agree-
ment with that predicted by simulations.
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1 Introduction

Conventional bimorph bending actuators are composed of
two piezoelectric plates, or two piezoelectric plates and an
elastic shim, bonded together. The bonding layer causes an
increase in hysteresis and a degradation of the displacement
characteristics, as well as delamination problem [1]. Fur-
thermore, the fabrication process for such devices, which
involves cutting, polishing, electroding and bonding step, is
rather laborious and costly. Multilayer structure also can not
avoid above problem. The multilayer structure is essentially
comprised of alternating ferroelectric and conducting layers,
which are co-fired to produce a dense, cohesive unit. The
ferroelectric layer sandwiched between a pair of electrodes
constitutes a single ferroelectric element. Hundreds of these
thick films are connected in parallel and electric filed is
supplied by the external electrodes. In this type of structure,
generation of internal crack between the layers under bipolar
drive caused by alternating strain is a common problem.
Therefore, design of reliable device is the key issue.

Thus, there are needs for new type actuator without a
layer structure, a bonding process etc. Such a new type
monolithic device has been produced from powder injection
molding process which is suitable to mass production with-
out any restrictions such as size, materials etc. Piezoelectric
and electrostrictive ceramic materials have been widely used
as solid-state actuators [2—4]. Despite of their enormous
applications, the direct extensional strain in most piezoelec-
tric or electrostrictive ceramic materials is at best a few
tenths of one percent. Thus, it is essential to develop the
method to amplify the strain of devices.

Compared with a normal electromagnetic motor, which
has a high efficiency but a low torque at a low speed, the
ultrasonic motor can produce a high torque at a low speed
with high efficiency. An ultrasonic motor is an attractive
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Fig. 1 Photograph of the DSPLM

device in application for an imaging process such as optical
zoom, hand shake protection in digital camera. There are
several ways to transform the piezoelectric vibration into the
linear sliding movement such as non-self-moving and/or
self-moving types [5]. However, the complex structure and
circuit of conventional ultrasonic linear motors limit the
adaptation to the optic zoom of the mobile communication
hand sets and compact digital camera. For example, the
piezoelectric inertia linear motor using a multilayer actuator
has been developed by Konica Minolta, which is used for
the camera-shake correction and the control of zooming,
auto-focusing and the aperture of micro-camera that is re-
quired to be downsized. [6]

In this work, new type of ultrasonic piezoelectric actua-
tor, which is able to provide higher displacement than clas-
sical ultrasonic actuator based on bimorph and multi layer
actuator, is proposed. It is composed of dome-shaped pie-
zoelectric ceramic manufactured by powder injection mold-
ing (PIM) process and bottom-clamped ceramic element in
order to increase the Z-axis displacement.

FEM software has been used as analysis tool. Perform-
ances of the proposed ultrasonic piezoelectric actuator have
been balanced against the non-clamped dome-shaped pie-
zoelectric actuator (DSPA).

Fig. 2 The principle of inertia
displacement (a) and (b) saw
tooth electrical potential

Mobile
element

(a)

Fig. 3 3-dimensional structure combined with shaft (a) and Finite
Element mashes used for DSPA analysis (b)

Finally, in order to evaluate the continuous linear motion,
newly designed linear motor using the proposed DSPA was
produced and the dynamic characteristic was demonstrated
with inertia weight.

2 Structure and operation principle
2.1 Structure

Figure 1 is an exemplary construction of a dome-
shaped piezoelectric linear motor (DSPLM). The motor
consists of the three parts, which are actuating compo-
nent, drive shaft and mobile element. The actuating
component contains DSPA fabricated by PIM. The dis-
placement of actuating component is to transfer into the
drive shaft. The shaft is located at the center of the
DSPA. The mobile element is coupled with the outer
shaft combined with an elastomer. The frictional force
can be controlled by the elastic force of the silicon
rubber.

e |
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Table 1 PZT5AH data used for c c c E - E

this modeling s [m7/N] siz [m7/N] si3- [m7/N] s33 [m"/N] S44 [m7/N]
16.4x107'2 -4.7%x10712 —-7.22x10712 20.8x10°'2 47.5x107"2
dys [C/N] dy; [CN] ds3 [CN] £33 /e en' /e
675x10°12 -230x10712 500x10°12 2200 2250

2.2 Operation principle of DSPLM

The linear motion of the newly developed linear motor is
operated by the principle of inertia displacement, which can
be explained by a saw tooth electrical potential as shown in
Fig. 2 (a), (b). Figure 2 (a) shows the motion of a mobile
element induced by the DSPA. When a mobile element
locates at position /, in Fig. 2 (a), the electric potential is
not applied, represented as “a” position in Fig. 2 (b), which
is called the initial state. During a gentle rise in the drive
signal applied to the DSPA (a-b position in Fig. 2 (b)), the
DSPA will slowly expand. Accordingly, the mobile element
coupled with the drive shaft by friction will move to the
upper direction, represented as position /, in Fig. 2 (a). As
the electric potential suddenly falls to the “c” position in
Fig. 2 (b), which is the minimum electric potential, the
DSPA moves to downwards. At this time, slip occurs be-
tween the shaft and the moving part because of the inertia
force and the moving part does not substantially move and
thus only the shaft returns to the initial position (/, ). There-
fore, the mobile element changes position with the distance
of I,-1,. Consequently, the mobile element will move repeat-
edly when the drive signal is applied for a desired number of
times. If the slope of the saw tooth in the electrical potential

is reversed, the direction of the mobile element would be
reversed. It can be stated that the DSPLM proposed here
realizes the principle of inertial displacement [7].

3 FEM analysis

The FEM code ATILA has been used in the simulation of
the DSPA combined with shaft. The DSPA combined with
shaft was drawn and meshed as shown in Fig. 3 (a), (b). It
uses the dome-shaped piezoelectric ceramics of 9.86 mm in
diameter and 4.6 mm in curvature of radius with 0.40 mm of
thickness. The shaft made of carbon fiber reinforced plastic
is used to provide a linear motion and length was varied
from 15 mm to 30 mm. The piezoelectric, dielectric and
elastic constants of PZT5AH, used in the FEM modeling,
are shown in Table 1 [8].

Figure 4 shows the electrical impedance versus frequen-
cy, computed for a DSPA having different shaft length. It
appears on these three graphs that two coupled modes exist;
the first resonance frequency is around 87 kHz, the second
resonance frequency is around 206 kHz under the free state
of DSPA.

Fig. 4 Simulated impedance 1000
versus frequency curves for — — shaft L=15mm 205.5kHz /\\
the DSPLM with the non- 100 09004 004 000009000000 P,
clamped bottom side E \ \o 2 / ™
87.6kHz
10
__ 1000 -
c — ¢ — Shaft L=20mm 7~
N/
>
2 0] 7—-~ 206 .8kHz {/ S,
<
v 84 .2kHz \{
g- 10 4
1000
—_—-— tL= £
ShaftL=30mm 206.2KkH 1 [‘\...
100 -
84.0kHz
10 1
60 90 120 150 180 210 240 270

Frequency (kHz)

@ Springer



126 J Electroceram (2012) 28:123-131
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As shown in Fig. 4, 1% resonance frequencies de-
crease slightly with increased shaft length. In order to
increase Z-axis vibration, the bottom side of DSPA was
clamped by controlling the boundary condition of
ATILA program, and a resonance frequency is comput-
ed again at the same shaft length. As shown in Fig. 5,
the 1 resonance peak significantly appeared, resulting
in the slight increase of the 1% resonance frequency
compared to non-clamped state and the 2" resonance
peak nearly disappeared. It can be speculated that
the clamping state may increase the Z-axis vibration
mode of the DSPA with constraining the radial mode
vibration.

The vibration displacement simulation of the DSPA
was performed by ATILA FEM software to determine

results for maximum axial dis-

placement for (a) 1° and (b) 2™

resonance frequency with the "
non-clamped bottom side

Fig. 6 ATILA 3-D simulation '
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the maximum displacement for 30 mm shaft length at
the 1% and 2" resonance frequencies. The 1% and 2™
resonance frequencies correspond to A and 3A-mode of
shaft, respectively. Figure 6 (a), (b) shows the axial
vibration displacements of the non-clamped sample
computed at the 1% and 2" resonance frequencies by
applying a electric field of 70V, to DSPA. These
results indicate that the maximum tip displacements of
the Z-axis at the 1% and 2" resonance frequencies
are £0.657 pm and +3.576 pum, respectively. Note that
the maximum tip displacement increases at the 2™ res-
onance frequency because of the lower impedance of
radial vibration. On the other hand, in case of the
bottom clamped DSPA, maximum tip displacement
increases up to £7.13 um at the 1% resonance frequency

Z-displacement ' Z-displacement

6.5697¢-07 " 3.5764e-06
l 5.1097e-07 l l 2.7817e-06
™ 36498e-07 B " 1 9869e-06
- 2.1898e-07 -1.1921e-06

| 7.2991e-08 .- 39735e-07
- -7.3004e-08 | . .3.9742e-07
- -2.19e-07 - - -1.1922e-06
-3.6498e-07 ' -1.987e-06
-5.1098e-07 .2.7817e-06
-6.5697¢-07 —_— -3.5764e-06
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Fig. 7 ATILA 3-D simulation - :
results for maximum axial dis- I Z-displacernent " Z-displacement
placement for (a) 1* and (b) ond 7.1278e-06 " 2.4993e-06
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and maximum tip displacement at the 2" resonance
frequency decreases to +2.499 um because of restricting
the radial vibration mode due to the bottom constraining
force as shown in Fig. 7. From these computed results,
it can be predicted that clamping state obviously
increases the Z-axis displacement of the DSPA at the
1% resonance frequency.

4 Experimental analysis of DSPA
4.1 Manufacturing process

To verify that the DSPA is applicable to ultrasonic linear
motor, a 0.04Pb(Sby sNbj 5)05-0.46PbTi03-0.5PbZrO;
composition, which is generally used for a bimorph actuator,
was used to fabricate DSPA. Preliminary study indicated
that this composition is characterized by excellent dielectric/
piezoelectric properties (d33~550 pC/N, k33" ~1950, k,=0.7
at room temperature which values are different from
PZT5A, used in the modeling) and high Curie temperature
(T.=320). The detailed fabrication process was shown in
Fig. 8.

The PIM process has been described in detail. The binder
usually based on a common thermoplastic such as wax of
polyethylene. The binder system consists of three compo-
nents. An example binder that is molten at 150°C consists of
60% paraftin wax, 35% polypropylene and 5% stearic acid.
The binder content is approximately 40 vol.% of the mix-
ture. The median particle size of piezoelectric powder is
0.85 wm with near spherical shape. The powder-binder
mixture is pelletized and injection molded into dome shape.
After injection molding, the binder is removed from com-
ponent by a solvent and thermal debinding. After debinding,
the specimen was sintered by placing an equimolar mixture
of PbO and ZrO, inside a covered alumina crucible to
minimize PbO loss. The sintered DSPA fabricated by PIM
has diameter of 9.86 mm, curvature radius of 4.53 mm and
thickness of 0.40 mm with shrinkage rate of 21%.

4.2 Impedance analysis and dynamic displacement
measurement

Dome-shaped piezoelectric ceramic specimen were elec-
troded with silver paste (Metech Inc. #3288) fired at
650°C for 30 min, and then poled in a stirred silicone oil
bath at 150°C by applying a dc electric field of 2.5 kV/mm
for 40 min. For constraining the radial mode vibration of
bottom side, the ring-shaped ceramic was then bonded by
epoxy.

In order to compare with simulation results, imped-
ance curve over a frequency range from 10 to 300 kHz
was measured by an impedance analyzer (HP 4194A)
and the tip displacement at 1 resonance frequency was
measured by applying an alternating square wave of
60V, using the test equipments. The shaft of DSPA
fixed at the top has length of 30 mm. Micro Laser
Interferometer (Canon, DS-80) was used as a non-
contact displacement sensor and driving voltage was
applied by self-made circuit. The prototype sample was
manufactured to measure the continuous linear motion
under 10 g loads as shown in Fig. 9. The actuating part
is composed of DSPA combined with clamping element,
which is driven by self-made PWM circuit. As shown
in Fig. 10, the mobile element also consists of three
parts, which are the rigid metal for the inertia weight
(10 g), such as alloy metal, a pair of L-shaped moving
pieces made of phosphor bronze and plate spring fixed
by bolt, which puts the pressure on the L-shaped plate
spring in order to adjust the fictional force. Thus, mo-
bile elements are compressed on the surface of the shaft
by controlling the bolt passing through the one end of
the plate spring. The dynamic linear motion of DSPLM
was measured using a self-made driving circuit, which
generates 60V, at a 1 resonance frequency of 50 kHz
and controlled by customer I.C. Pulse width modulation
method is able to control the up and down moving
direction because it can control the expansion and con-
traction velocity of piezoelectric element as it is
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Fig. 8 Schematic representation of fabrication process

Fig. 9 Schematic view and
photograph of the manufactured
prototype DSPLM Shaft
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Fig. 10 Detailed schematic view of mobile element

possible for PWM method to reverse the phase of pulse
width [9]. The continuous moving displacement proper-
ties of upper direction were measured at an applied 5
pulse with a Micro Laser Interferometer (Canon, DS-
80A) having a resolution of 0.08 nm. During the mea-
surement, the DSPLM was attached to a test fixture and
the laser beam was focused on the inertia weight com-
bined with shaft. All test devices were located on the
optic table to isolate them from external vibration. The
applied voltage and displacement signal were measured by
voltage probe and recorded in the oscilloscope.

5 Results and discussion

In order to validate the results obtained by simulations,
the bottom side clamped DSPA was manufactured by
following FEM design. To compare the electric imped-
ance of simulation with that of experimental data, the
impedance vs. frequency curves are measured. Note that
1** and 2"! modes appear between 50 and 100 kHz
under the clamped state as shown in Fig. 11. Moreover,
the 1% resonance frequency of the bottom-clamped
DSPA decreases to 50 kHz. The decrease of 1% reso-
nance frequency is caused by increasing the total mass

element
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Fig. 11 Experimental data of 10°
impedance versus frequency a3
curves for the DSPLM with the !
clamped bottom side 10 ‘i

}

— ¢+— Shaft L=15mm ( Bottom clamped)

Impedance()
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of DSPA due to bottom-clamped ceramic element. In
general, the effect of mass on the resonance frequency
can be described by following equation

1 s
f"%\/%

Where, f. denotes the resonance frequency, S is the
stiffness, m is the total mass. According to this equa-
tion, the resonance frequency decreases at the inverse
square root of the total mass. The ceramic element

|
0 100

T T
200 300

Frequency (kHz)

combined with the bottom-side of DSPLM increased
the total mass of DSPLM from 1.02 g to 2.0 g. Con-
sequently, the resonance frequency decreased to 50 kHz.
In case of simulation, only the bottom-side of DSPA
was clamped. However, the clamping structure of exper-
imentally manufactured sample was combined with bot-
tom clamping ceramic element using the epoxy, which
can make different resonance frequencies from simula-
tion results. In spite of some discordance between res-
onance frequencies, it can be concluded that various
vibration modes are caused by bottom-clamped ceramic

Fig. 12 The Z-axial tip vibra- 10 —— - 80
tion displacements and applied 1 lp diplacement . Applied voliage
voltage for DSPLM 8 - ] l i L 60
6 - H h h
1 - 40
- 4 | o s S Pt | | et
g 2
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) 1 @
0 |
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s 5] [ =
g | - -20 u§
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.& | p— - Lt sriemnn [ 10 S
=
% 4 Eﬁ i |
3 E f."" H P - -60
-lu L) L) L] 1 I -an
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Fig. 13 The total displacement 18 - 40
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element combined with DSPA and bonding material. Be-
cause of sampling speed limitation of displacement measuring
instrument, the measurement of the displacement is limited to
1 resonance frequency (about 50 kHz). As shown in Fig. 12,
the tip displacement property of DSPA combined with shaft
and bottom clamping ceramic at 1 resonance frequency was
+7.48 pm under the electric field of 60V,

In spite of small size, the DSPA manufactured by PIM
process has a large tip displacement, which is in accordance
with the FEM results. This result indicates again that PIM
process is very useful and simple method to make a large
strain actuator.

To evaluate the continuous linear motion of DSPLM with
inertia weight, the dynamic displacement characteristic of
the prototype sample was performed. Figure 13 shows con-
tinuous moving displacement during five pulses applied to
DSPLM, the total displacement of DSPLM was 15.6 pum.
From these results, dividing 5 into the total displacement,
we can get the displacement per pulse of 3.12 um under
10 g load. Furthermore, the inertia and frictional behavior
was observed from the results of the step-like displacement.
The rapid increasing of displacement indicates that frictional
force is larger than inertia force and the mobile element
move together with shaft during a wide pulse width applied
to DSPLM. On the other hand, during a narrow pulse width
applied to DSPLM, the increase of displacement becomes
almost zero. This denotes that inertia force is larger than
frictional force and the mobile element does not fall
down with shaft. As it can be seen, the displacement
of the DSPLM combined with the proposed mobile
element is smaller than the simulated one (about 50%).
This behavior can be explained by load effect of inertia
weight (10 g).

@ Springer

6 Conclusions

In this work, a new-typed high displacement ultrasonic
actuator and an ultrasonic linear motor have been pro-
posed. The former is composed of dome-shaped piezo-
electric ceramic combined with shaft and bottom-
clamped ceramic element. The latter consists of three
parts, which were an actuating part, shaft, and mobile
element. Design and analysis of high displacement ul-
trasonic actuator have been performed by using the
ATILA FEM software. Performances of the experimen-
tally fabricated actuator have been compared with that
of simulation results.

Simulation results have shown that the bottom side
clamping condition obviously exhibits displacement am-
plification about ten times higher than the non clamped
condition at the 1% resonance frequency. Experimental
comparison between maximum displacements substan-
tially validated simulated results.

The prototype of a new type linear motor using a
dome-shaped piezoelectric actuator has been also manu-
factured. To evaluate the continuous linear motion of
DSPLM with inertia weight, the dynamic displacement
characteristic of the prototype sample was performed.
During five pulses applied to DSPLM, the total dis-
placement of DSPLM was 15.6 um. From these results,
it could be concluded that the displacement per pulse
was 3.12 um under 10 g load. Therefore, the controlla-
ble accuracy of DSPLM is 3.12 um.

The proposed linear motor, in conclusion, seems to be
more suitable than the classical one in application where
high displacement and accuracy are required and, further-
more, it is reduced in its total dimension and weight. The
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possibility of further increase of resolution and decrease of
total dimension, by decreasing the size of the dome-shaped
piezoelectric ceramic, is currently under the study.
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