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Abstract: To lower the operating voltage and improve the output performance of piezoelectric
actuators, a multilayer monolithic ultrasonic linear piezoelectric actuator was analyzed with the
method of finite element analysis (FEA), and a prototype was fabricated and experimentally
researched in this study. Experimental results show that the actuator with a multilayer piezoelectric
lead zirconate titanate (PZT) structure (size: 30 x 7.5 x 3 mm3, mass: 5.49 g) can output a pulling
force of 5.0 N maximum and a linear velocity up to 270 mm/s at the voltage of 100 Vpp, (Vpp means
the peak-to-peak value of the voltage volts), showing a relatively good velocity controllability at
the same time. The temperature rise characteristic of the actuator at various voltages was studied.
The results indicate that: the temperature of this actuator rises rapidly but tends to saturate at some
value; applying an offsetting voltage or decreasing the amplitude of the voltage would reduce the
heat production.
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1. Introduction

Ultrasonic piezoelectric actuators (UPAs) are a modern type of micro-actuator which are based
on the inverse piezoelectric effect of piezoelectric ceramics and the displacement amplification effect
of mechanical resonance [1-4]. They have been widely used for precise positioning and for their
excellent properties such as high energy density, short response time, self-lock at power-off state and
high displacement resolution [5-7]. Due to these merits, this kind of actuator has attracted many
researchers’ attention, and in recent years, various kinds of piezoelectric ceramic actuators have been
proposed, some of which have already obtained commercial success such as the Physik Instrumente
(PI) GmbH & Co.KG (Dorfen, Germany) and Nano-motion Company (Goa, India).

Ultrasonic linear piezoelectric actuators (ULPAs) [8] working under the composite vibration
modes of a piezoelectric ceramic block, such as the first longitudinal and second bending vibration
modes, are a research hotspot and many new structures have been proposed [3,9,10]. The structures
can be classified into two categories, one of which is the piezoelectric ceramic chip attached to
metal as a driving element [7,11], and the other is a single piezoelectric ceramic as a driving
element [6,12]. The former can be designed into more types of structures since the metal base
can be easily manufactured into different shapes and is less likely to fracture. Researchers such as
Yunlai Shi et al. [13], Zhijian Wan et al. [14] and James Friend et al. [15] have done valuable works
in this category. However, since the chips attached to metal are usually thin, energy poured into the
driving elements is limited, thus reducing the energy density of the driving element. Meanwhile, the
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piezoelectric ceramic chip is usually bonded with metal through an adhesive to form a driving element,
and adhesive precision and adhesive thickness will both influence the driving modes of the actuator,
thus degrading its performance. The latter kind, the single piezoelectric ceramic type, with a more
simple structure and thick piezo-block, can partially solve the shortage of the former kind, but it needs
a very large voltage to drive effectively, 200 V/mm as a typical value, which significantly complicates
the circuit and is not conducive to miniaturization and integration of the whole system.

Hiroaki Saigoh et al. [16] proposed a piezoelectric linear motor using a multilayer piezoelectric
ceramic block and with frictional material plates at two ends of the piezoelectric block. The multilayer
piezoelectric ceramic was layered in the direction of the width, which lowered the driving voltage of the
piezoelectric motor. However, when the motor works, a shear force between the piezoelectric ceramic
layers caused by the resistance of the mover would do damage to the multilayer piezoelectric ceramic,
which reduces the lifetime of the motor. Funakubo Tomoki et al. [17] proposed a piezoelectric motor
with a similar structure to that reported in [16]. In addition, Tomoki et al. extended the lifetime of the
multilayer piezoelectric motor, and a higher efficiency was obtained by using the ds; piezoelectric
stack, which has a higher electromechanical coupling factor than the d3; one. Rafaeli Izhak et al. [18]
proposed a piezoelectric motor with multilayer piezoelectric ceramic layered in the direction of the
thickness, mainly aiming to excite the two desired vibration modes separately, so as to improve the
controllability of the motor.

In this study, a multilayer monolithic ultrasonic linear piezoelectric actuator (hereinafter referred
to as a multilayer linear piezoelectric actuator, MLPA) working under the first longitudinal and
the second bending modes was analyzed, and related experiments were conducted to research its
properties. The experimental results show that this actuator can significantly reduce the driving voltage
from 791 to 100 Vpp (Vpp means the peak-to-peak value of the voltage volts), with an increase of pulling
force and velocity simultaneously compared to the commercialized Nano-motion actuator [19].

2. Structure and Working Principle

2.1. The Structure of the Piezo-Vibrator

The structure of the piezo-vibrator in the MLPA is shown in Figure 1. The piezo-vibrator consists
of a block of multilayer piezoelectric ceramic (PZT-81), a contactor made from alumina ceramic
(99% Al,O3), and some Teflon wires. The multilayer piezoelectric ceramic is adhered with the contactor
using epoxy glue. Then cross-wires are welded to connect the cross-zone of the electrode and signal
wires and a GND (ground) wire are welded to connect the electric signal applied by a power supply.

GND Wire

Piezoelectric Ceramic
E’

Signal Wire

Contactor Electrode  Cross Wire

Figure 1. Structure of the piezo-vibrator in the MLPA (multilayer linear piezoelectric actuator), A’, B’,
C’,D’, E’ and F’ are silver.

The structure of the multilayer piezoelectric ceramic is shown in Figure 2. It consists of two pieces
of outer electrode, several pieces of inner electrode and thin slices of PZT-81. The structure is a
sandwich one and it is fabricated with the method of low-temperature co-sintering. The electrodes
can be divided into two groups based on their shapes and roles. One group, which is used as signal
electrode, contains the electrodes with four separate electrode portions, and each portion has a finger
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to connect with the other electrodes with the same structure (namely all the fingers labeled with A are
connected together using silver A’, as shown in Figure 1, and B, C, D can be done in the same manner).
The other group, which is used as the GND electrode, contains the electrodes with a single piece, and
each piece has two fingers to connect with other electrodes with the same structure (namely all the
fingers labeled with E are connected together using silver E’, as shown in Figure 1, and F can be done
in the same manner). The polarization directions of each PZT-81 layer are parallel to the thickness
direction and the adjacent layers possess the opposite directions. The multilayer piezoelectric ceramic
is 30 x 7.5 x 3 mm? in size with 15 PZT-81 layers after optimizing the design, and the thickness of each
layer is 200 um. For the piezoelectric ceramic chip, the relationship between the strain and electric
field intensity can be described using piezoelectric Equations (1) [20]:

x1 = d31E3 (1)
¥ = AL/L 2)
Es =Vt @3)

where x1 is the strain of the piezoelectric ceramic, L is the length of the piezoelectric ceramic, AL is the

deformation along the direction of the length when the voltage V is applied, ¢ is the thickness of the

piezoelectric ceramic, Ej is the electric field intensity applied parallel to the polarization direction.
Then AL can be described as the following Equations (4):

AL = dy LV /t @)

It can be concluded that when the thickness t decreases, the V needed decreases to get the same
AL. This is one of the main reasons to configure the piezoelectric ceramic in a multilayer form.

Piezoelectric
Ceramic

Quter
Electrode
A

Electrode

PolarlzLatlon Direction Inner Electrode ]
15 Layerg in total Actually

Figure 2. Schematic diagram for the assembly of electrode and piezoelectric ceramic layers, A, B, C, D,
E and F stand for the fingers on the separate electrode portions.

2.2. The Working Principle of the MLPA

The working principle of the MLPA is shown in Figure 3. The dimensions of the multilayer
piezoelectric ceramic are designed to make the resonant frequencies of the first longitudinal (L1) and
the second bending vibration (B2) modes of the ceramic as close as possible. When the voltage signals
V = sin (wt) and the GND are applied to the piezoelectric ceramic in the way shown in Figure 3, the
first longitudinal and second bending vibration modes of the piezoelectric ceramic will be excited
simultaneously. These two coupled vibration modes generate movements in orthogonal directions (as
shown in Figure 3 “vertical vibration” and “horizontal vibration”), forming an ellipse (as shown in
Figure 3 “elliptical trajectory”). The ellipse motion then pushes the mover to move in a linear direction
(as shown in Figure 3 “moving direction of the mover”) through the friction between the mover and
the contactor.
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Figure 3. Working principle of the multilayer piezoelectric actuator.

3. Design and Analysis

To optimize performance of the actuator, the dimensions of the multilayer piezoelectric ceramic
need to be designed to make resonant frequencies of the L1 and the B2 modes of the ceramic as close
as possible. The L1 and B2 modes’ resonance frequencies of a long bar, whose length is much larger
than its width and thickness, can be approximately calculated by the following equations [21]:

1 /1
_ 5
fu 2L ps]f1 ©)

22w 1 ©)

where L is the length, W is the width, o = 7.853 is a constant, and p is the density of the material.

To make f11 = fpp, we can calculate that L/W ~ 5.7. However, the PZT-81 is anisotropic and these
two equations do not calculate the influence of the contactor either, so deviation would be brought
in when the resonant frequencies were calculated with these two equations. From Equations (5)
and (6), we can see that both frequencies of the first longitudinal and second bending modes would
decrease along with the increase of L, but fp, decreases faster. So it is possible to draw the curves of
the resonant frequency vs. the length, to obtain the cross-point where the optimized length is. With
the method of finite element analysis (FEA), the resonant frequencies at various dimensions can be
easily obtained through modal analysis. In this study, the commercial FEA software (ANSYS 12.1,
ANSYS Inc., Canonsburg, Pennsylvania, PA, USA, 2009) was used, the element type was solid 226 with
option K1 set to be electro-elastic/piezoelectric. The boundary condition was set to be mechanically
free. The width and thickness were set to be 7.5 mm and 3 mm, respectively, and the results are shown
in Figure 4. The length at the cross-point is around 30 mm. The PZT-81 (obtained from Konghong
Corporation Limited, Xi’an, China) is a kind of anisotropy material with a density p = 7600 kg/m>.
The parameter matrixes of PZT-81 polarized in the Z+ direction are listed as follows:

(1) Elastic matrix in flexibility form SE (unit: 10712 m?/N):

(115 -37 —48 0 0 0 ]
37 115 -48 0 0 0
Gi_| 48 —48 135 0 0 0 ”
0 0 0 304 0 0
0o 0 0 0 319 0
o 0 0 0 0 319 |
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(2) The matrix in d form used in ANSYS is (unit: pC/N):

0 0o -97
0 0o -97
0 0 230
d—
0 0 0 @®
0 330 0
| 330 0 0 |
(3) Relative permittivity matrix (€T/¢o):

1200 0 0

el /eg = 0 1200 0 9)

0 0 900

—=— 1st longitudinal mode
—e— 2nd bending mode

deformation

el =

Max

24 28 32 36 40 44
Length (mm)

Figure 4. Modal frequencies at various lengths of PZT (piezoelectric lead zirconate titanate) block.

3 as

According to the FEA results, the final dimensions are decided to be 30 x 7.5 x 3 mm
mentioned previously. The dimension of the alumina ceramic contactor is ® 3 x 4 mm. A photo of the

piezo-vibrator is shown in Figure 5.

Figure 5. Photo of the piezoelectric vibrator.

Before making a piezoelectric vibrator, the ds; of the multilayer piezoelectric ceramic used in this
study was obtained using the quasi-static d33 meter (Z]-4NV, Beijing Oriental YUANTONG Science
Technology Development Co., Ltd., Beijing, China), and the Cy was measured using the impedance
analyzer (4294A, Agilent Technologies Inc., Santa Clara, CA, USA) as shown in Table 1. The number of
the piezoelectric ceramic layers is 15, and the material parameter matrix d is listed in Equations (9).
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The value of dz3 is 230 pC/N from Equations (9). In the ideal situation, the d33 of the multilayer
piezoelectric ceramic should be 230 x 15 = 3450 pC/N, but the measured value is about 2290 pC/N,
as shown in Table 1, 66% of the ideal value. The reasons should be that: firstly, some of the inner silver
electrodes may break, as shown in Figure 6a; secondly, the influence of the pores of the ceramic on the
polarization electric field is enhanced since the thickness of a single layer of the piezoelectric ceramic
decreases, as shown in Figure 6b, so the polarization electric field and the polarization degree decrease.

Table 1. The measured ds3 and the Cy of the multilayer piezoelectric ceramic.

Zone 1 2 3 4
dss (pC/N) 2336 2338 2252 2236
Co (nF) 285 28.7 27.9 28.0

Inner silver electrode break

— lopm 3/30/2016 lpm  3/30/2016
20.0kV SEI SEM WD 13.5mm 11:34:26 X 6,000 20.0kV SEI SEM WD 13.4mm 11:38:23

Figure 6. SEM photo of the cross-section of the multilayer piezoelectric ceramic. (a) Cross-section 800 x;
(b) Cross-section 6000 x.

4. Results and Discussion

4.1. Harmonic Response Characteristics

The research of harmonic response is used to determine the steady-state response under a sine load
whose frequency changes in a given range of linear structure. The harmonic response characteristic of
the piezo-vibrator was gained using a scanning laser Doppler vibrometer (PSV-400-M2, Polytec Inc.,
Waldbronn, Germany). The result is shown in Figure 7. Part of the parameters of the vibrometer and
the experimental setting were as follows:

(1) The scanning laser Doppler vibrometer can generate a laser spot size of ® 1 mm at the surface
of the measured piezo-vibrator.

(2) The resolution of the measured velocity amplitude through this equipment is 1 mm/s.

(3) The result was obtained in the condition where the piezo-vibrator was mechanically free,
a condition which is the same with the boundary condition of FEA modal analysis.

The experimental result indicates that the resonant frequencies of the first longitudinal and second
bending vibration modes are 56.671 and 53.1875 kHz, respectively. The frequencies are not the same
as the FEA results, mainly because: firstly, the analysis ignored the influence of the inner electrodes;
secondly, the actual material parameters are not totally identical to what is used in FEA due to the
limitations of the measuring apparatus.
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Figure 7. Vibration scan results of the stator using Doppler vibrometer.

The mechanical quality factor Qn can also be calculated from the result shown in Figure 7,
with Equations (10) [22]:

Qm = fe/BAf (10)

According to Equations (10), Qmr1 = fir1/Af2 = 20, where fi11 = 56.671 kHz, Af, = 2.89 kHz;
Qms2 = fiB2/Afi = 50, where fip> = 53.1875 kHz, Af1 = 1.062 kHz. It is known that the vibration
magnitude at resonance is proportional to Qn [23]. The mechanical quality factor Qn of the
two vibration modes is not equal, and Q,p; is bigger. It means that the second bending mode
vibration will be more drastic, and the piezoelectric ceramic of the piezo-vibrator tends to fracture
at the crest of the second bending mode shape. Figure 8 shows a fracture form of the piezo-vibrator
at 53 kHz, 140 V;,p. Adopting the piezoelectric ceramic with high Qn could enhance the vibration
amplitude and reduce the heat production, but would make the piezoelectric ceramic easier to fracture.

fracture position

crest of 2™ bending
mode shape

Figure 8. Fracture form of the piezo-vibrator.

4.2. Mechanical Characteristics

The testing system of the mechanical characteristic experiments is shown in Figure 9. To form
the MLPA, the piezo-vibrator was clamped by leaf springs with a clamping force of 8 N, and pressed
by a pre-load spring with a pressing force of 3.5 N. The stage served as a mover, and it was pushed
forward by the friction force between the friction trip and the piezo-vibrator. The weight was used to
generate and measure the pulling force. The laser interferometer measure system (XL-80, Renishaw
plc., Gloucestershire, London, UK) was adopted to measure the velocity of the mover.

Laser interferometer measure system
|

wheel

string [~ ¢t tion I —

Y1

weight leaf spring
pre-load spring

Figure 9. Testing system of velocity vs. tension.
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When there is no weight, the mover’s no-load velocity can be obtained. A sinusoidal voltage
with an amplitude of 80 Vp,,, was applied to the piezo-vibrator. The no-load velocity vs. frequency
characteristics are shown in Figure 10.

| ——B2 mode
1201 L1 mode sin 1200

Impedance(Q)
[¢2] ©
R

)
o
Velocity(mm/s)

[N
o
I

= 0

40 44 48 52 56 60 64 68
Frequency(kHz)

Figure 10. Impedance and velocity characteristic vs. frequency of the actuator.

The impedance-frequency curve, as shown in Figure 10, was measured using the impedance
analyzer (E4990A, Agilent Technologies Inc., Santa Clara, CA, USA) to study the velocity-frequency
relationship more clearly. The resonant frequencies of the first longitudinal and second bending
vibration modes are nearly 54 and 52 kHz, respectively. Both the frequencies are smaller than the
vibration scan results shown in Figure 7 because of the influence of the pressing force. The result
shows that with the increase of the frequency, the velocity decreases firstly; when the frequency is
larger than the resonant frequency of the second bending mode, the velocity gets a rapid rise to the
maximum value, and then decreases again with the increase of the frequency. It can be concluded
that the frequency range can be from 53 to 59 kHz to get a smooth working status. This range is wide
enough to control the velocity through a controller so it is suitable for further use.

Velocity vs. frequency characteristics at different loads (hanging different weights), as shown
in Figure 11, were measured at 80 V,, to obtain more velocity-frequency characteristics in detail.
The results show that the velocity of the stage decreased with the increase of the load, but the regularity
was not changed.

200+

measured at 80 Vpp

- -
o [6)]
o o

velocity (mm/s)

()]
o

o

44 46 48 50 52 54 56 58
Frequency (kHZ)

Figure 11. Velocity vs. frequency characteristics at different loads.

Figure 12 shows the relationship between no-load velocity of the stage and the applied voltage
peak-peak value at frequency of 53 kHz. The velocity increases almost linearly with the voltage
peak-peak value, which indicates the relatively well controllability of the actuator compared to some of
the single piezoelectric ceramic actuators [6,14]. The starting voltage is 50 Vpp,, and the starting velocity
is 80 mm/s at 53 kHz. To get a smaller starting velocity, the frequency needs to be changed according
to the velocity-frequency curve shown in Figure 10, in the frequency range from 53 to 59 kHz.
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Figure 12. Velocity of the stage vs. applied voltage peak-peak value.

Figure 13 shows a relationship between velocity of the stage vs. the applied voltage peak-peak
value and frequency, the frequency was chosen in the range of 53-56 kHz, and the voltage peak-peak

value changed from 50 to 100 Vpy, the velocity-voltage and the velocity-frequency projections are
shown in Figure 13.

250 ——a—— Velocity-voltage-frequency
—&—— Velocity-frequency

< 200 ——@— Velocity-voltage

0

g 150

3

3 100

)

Figure 13. Velocity of the stage vs. applied voltage peak-peak value and frequency.

The velocity vs. pulling force characteristics are shown in Figure 14, and the pulling force was
obtained through a hanging weight. Three different amplitudes of the sinusoidal voltage, 100, 90, and
80 Vpp, were adopted and the frequency was fixed to 53 kHz in this study. It turns out that: firstly,
the maximum velocity of this actuator is 270 mm/s and the maximum pulling force is 5 N; secondly,
the curve of the velocity and pulling force can be fit into a line, showing good linearity; thirdly, the
velocity-pulling force lines at various voltages are not parallel, and the ratio between the pulling
force (F) and the velocity (V), namely F/V, is bigger. Through Figure 14, the mechanical power of
the piezoelectric actuator can be obtained (the mechanical power equals the product of the velocity
and the pulling force). From the curve of the mechanical power versus the pulling force, as shown in
Figure 14, it can be seen that the maximum mechanical power of the actuator we proposed was 0.32 W.
The inertia of the stage was ignored when we calculated the pulling force; thus, the power when there

was no pulling force was zero. The mass of the vibrator is 5.49 g, and then it can be calculated that
ratio of the mechanical power and mass is 58.3 W/kg.
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Figure 14. Velocity vs. pulling force at various voltages.

4.3. Temperature Characteristics

Figure 15 shows the surface temperature change of the piezo-vibrator. The temperature was
measured at the following settings and conditions:

(1) The apparatus used was an infrared thermometer (Optris CT-LT, Optris GmbH, Berlin, Germany).

(2) The temperature was measured when the mover was in locked-rotor for 60 s.

(3) The ambient temperature was 20 °C.

(4) The voltage applied to the piezo-vibrator was V; = (App/2) sin (27tft), where App, was set to
be 100, 90, 80 Vi, respectively, and f was set to 53 kHz.

The result shows that the vibrator generated lots of heat which caused a high temperature on the
vibrator surface. The surface temperature then tended to become steady. With the decreasing of the
input voltage, the heat generation was reduced, and when the input voltage was decreased to 80 Vpp,
the heat generation was reduced more drastically. When an alternating voltage (V) is applied to the
multilayer piezoelectric ceramic, the internal ferroelectric domains will turn over continuously. If we
applied the voltage to make the ferroelectric domains turn over discontinuously, the heat generation
may be less; thus, experiments with offset voltage applied were conducted. The offset signal was set to
be V, = (App/2) sin (27ft) + App/2. The actuator studied can run smoothly using the offset voltage
signal and the temperature change decreased compared to the non-offset voltage signal; however, the
decrease was not obvious.

The heat productivity and temperature rise bring many disadvantages, such as frequency drift
which causes instability of actuators, efficiency loss, and aging of piezoelectric ceramic and epoxy,
which decreases the lifespan of the actuators. The main reasons for the high temperature rise of this
multilayer piezoelectric ceramic vibration can be concluded as follows: because of the multilayer
configuration, the mechanical quality factor Qm, decreases to cause an increase in the mechanical
loss, and the dielectric loss increases. Both the losses transform into heat and cause the increase of
the temperature. Meanwhile, since the thickness of the layers of the piezoelectric ceramic cannot be
fabricated exactly the same, the different thicknesses lead to different deformations along the length
and width directions, which causes internal friction between layers.

To reduce the temperature rise, a high O, piezoelectric ceramic needs to be developed and the
thickness uniformity of the piezo-layers should be improved.

5. Conclusions

In this study, an ultrasonic linear piezoelectric actuator based on multilayer PZT was researched.
We analyzed the working principle and designed the dimensions of the piezo-vibrator based on the
method of FEA. Experiments on harmonic response, mechanical characteristics, and temperature
characteristics of the actuator were conducted. The results of the experiments show that the actuator
can work smoothly, reaching a maximum velocity of 270 mm/s and a maximum pulling force of 5 N
at 100 Vpp. The maximum ratio of the mechanical power and mass is 58.3 W/kg for this actuator.
The temperature characteristic shows that the temperature of the actuator rises rapidly and tends to
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saturate. Further research will focus on the temperature rise problem, based on both enhancing the
Qm to reduce the heat production and adopting suitable cooling methods.

u—u—u—E—E—u—u—u100Vpp
n g e—®—0—®—0—090\pp
2 % g—o—o—o—0—8100Vp offset
» /n; 0—0—0—0—0—-0 90V, offset

o/"-‘ o” °

s

s /A/A,A—A—A—A 80V
/A/‘/A _a—bA—b—b—a—a 80V offset
A
LA

15 30 _ 45 60 75
Time (s)

Figure 15. Surface temperature change vs. time at various voltages.
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