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ABSTRACT

A novel multi-degree-of-freedom (MDOF) motion
platform was developed using symmetric piezoelectric
plate and a Ni alloy micro-pusher element. An additive
manufacturing (AM) technique was employed to
manufacture a Ni alloy micro-pusher, which was then
attached at the midpoint of the long side of a
piezoelectric plate with dual electrodes to construct a
symmetric piezoelectric actuator (SPA). The research
integrated the concept of bricks, and three different
vibration modes of the SPA were designed to develop
a MDOF motion platform, which was able to rotate a
hemisphere device along three perpendicular axes. The
experiment demonstrated the MDOF motion platform
working frequencies along the X, Y, and Z axes to be
223.6, 223.2, and 225 kHz and the rotation speeds to
reach 76 rpm, 71 rpm, and 192 rpm, respectively, at a
driving voltage of 30Vy,. In the future, this MDOF
motion platform may be used for a number of
applications, such as portable mobile devices and sun-
tracking systems in green energy harvesters.

INTRODUCTION

Portable mobile devices have become increasingly
popular in recent years, and the consumption of
portable batteries has also increased environmental
pollution. As a result, people are exploring alternative
energy sources to reduce pollution. Although
commercial portable solar chargers are convenient, the
energy they collect is still insufficient because of the
lack of sun tracking capability. In addition, robots
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are being miniaturized with the aim of generating
human-like motion, and it is therefore necessary to
develop microactuators that can generate dexterous,
precise motions, such as multi-degree-of-freedom
(MDOF) microactuators. The study will focus on the
design of multi degree of freedom (MDOF) motion
platform which can be used as the direct drive motor
for joints of industrial robotic arm or other portable
compact device. Compare to traditional motor system,
a piezoelectric based motion platform can reduce the
volume therefore scale down the driving chain.
Electromagnetic and piezoelectric actuators are the
two types of microactuators that are presently widely
available in commerce. Electromagnetic actuators are
constructed using components such as magnetic
materials, coils, gears, and screws, which induce
magnetic force to move the rotor, achieving multi-
degree motion; however, the magnetic field strength is
limited by the size of the microactuator, and when the
components are reduced in size, the energy output is
also reduced. The magnetic actuators have low
efficiency in the power range lower than 30W (K.
Uchino, 2008). Therefore, an electromagnetic actuator
is unfavorable to miniaturization for a high-power
microactuator. Piezoelectric actuators are designed
using a different vibration mode and can easily achieve
multi-degree motion, and hence these actuators have a
relatively simple structure and are much smaller in
terms of volume and weight than electromagnetic
actuators. In other words, the piezoelectric actuator
employs a frictional force to drive the rotor. According
to the scaling law, when the scale decreases, the
electromagnetic force decreases more rapidly than the
friction force (S. Baglio et al. 2008); therefore,
piezoelectric actuators are suitable for applications
requiring miniaturization.

From 2001 onward, Takemura et al. (2004)
developed a MDOF piezoelectric microactuator with a
compact plate stator and a spherical rotor that used
pusher-shaped vibrators with a dual-phase mode.
Otokawa (2004) proposed a MDOF piezoelectric
microactuator consisting of four pusher-shaped
vibrators with a single-phase mode. Single-phase
mode MDOF microactuators with pusher-shaped
vibrators commonly use a resonant frequency to create



independent vibration modes in each piezoelectric
plate, thus allowing the rotor to rotate on three
perpendicular axes. Therefore, MDOF microactuators
driven by a single phase are simpler and easier to
downsize than dual-phase microactuators (O.
Vyshnevskyy et al., 2005). A single-phase mode
actuator was developed by switching different single-
phase modes for each vibrator to promote rotor
movement (K. Otokawa et al., 2007), whereas dual-
phase mode actuators must be simultaneously excited
by the longitudinal vibration mode and the bending
vibration mode to create a motion trajectory
(Nanomotion LTD., 1995 & S. T. HO, 2006). The
driver circuit of the dual-phase mode actuators
requires at least two groups of driving signals to
achieve synchronization resonance, but it is difficult to
control the two frequencies precisely that must
correspond with each other completely. A feature of
single-phase mold MDOF actuators with pusher-
shaped vibrators is the use of resonant frequency to
create independent vibration modes in each
piezoelectric plate, thus allowing the rotor to rotate on
three perpendicular axes. Therefore, MDOF
microactuator driven by a single phase are easier to
downsize and have simpler form than those driven by
dual phases, and thus in this design a small stator is
able to drive a large ball rotor. Therefore, this study
proposes a novel piezoelectric microactuator with
pusher-shaped vibrators, which only requires the
combination of three vibrators driven by a single phase
to move a hemisphere device along three
perpendicular axes.

DESIGN AND FABRICATION

A driving voltage was applied on a square
piezoelectric plate with a piezoelectric strain constant
of d31, generating an extension/contraction movement
at the edges of the plate. A symmetric piezoelectric
actuator (SPA) was then designed using two square
piezoelectric plates to form a rectangular piezoelectric
plate based on this extension/contraction movement.
The Lead Zirconate-Titanate (PZT) with Perovskite
structure is used as the material of the proposed
piezoelectric actuator because of its superior
performance in electro-mechanical transformation
characteristic. The SPA polarization was along the
thickness dimension (Z direction), which generated
the d31 piezoelectric strain constant as shown in Fig.1.
Two symmetric square electrodes A and B were then
placed on the front side of the large surface (X-Y
plane). Each electrode covered one-half of the surface,
whereas the rear surface had a single electrode that
served as a common drain. The micro-pusher was
attached at the midpoint P of one long edge of the
piezoelectric plate. Movement of the midpoint P in
different directions was achieved by switching the
applied voltage between the symmetric electrodes.

The micro-pusher was fabricated layer by layer by
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combining the maskless lithography system and
additive manufacturing (AM) technology. Fabricating
the micro-pusher by AM technology can rough the
surface and enhance the thrust. The study utilized the
Ni-Alloy powder as the material to sinter the micro-
pusher. First, spread the Ni-Alloy powder on a
platform and flat it by a scraper. Second, sinter the
powder with a specific shape then low down the
platform. Repeat the first and the second steps till the
micro-pusher is completed. The fabrication
parameters of the micro-pusher is shown below: Laser
power: 28 W, Sintering speed: 8 mm/s, Laser
frequency: 140 Hz. With the above parameters, the
optimum porosity (4.67%) of sintered Ni-Alloy power
was obtained. The length, width, and thickness of the
micro-pusher were 1.5 mm, 3 mm, and 0.5 mm,
respectively. The micro-pusher was mounted at
midpoint P of the SPPE X-Z plane to enhance its
driving capability. This novel SPPE structure
completely avoids the abrasion problem of ceramic
micro-pushers by adopting a Ni alloy micro-pusher.

Micro-pusher

gth (16mm)

Fig. 1 Structure of symmetric piezoelectric actuator
(SPA).

Dynamic analysis of the SPPE

The SPPE is excited by placing a signal on one of
the electrodes on the front side. The other front
electrode is left floating. The excitation signal is the
resonant frequency of a vibration mode of the SPPE.
This mode is that of a two-dimensional standing wave.
It can be thought of as the superposition of standing
waves in two directions. When a driving voltage is
applied on a SPPE and movement of the micro-pusher
can be generated in different directions. Therefore, the
displacement of micro-pusher (i.e. midpoint P) can be
expressed as

u, = A, cosly coséx coswt
u, = A, sinly cos§x coswt (1)
u, =0

where u is the displacement, A is the amplitude, and
A and & are the wave numbers. As the SPPE has a
standing wave driving component, the displacement of
micro-pusher can be expressed as in Eq (1). As SPPE
surface can be divided into A and B with two
symmetrical electrodes, when the driving voltage is
applied on A or B electrodes then the displacement of
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micro-pusher from each electrode can therefore be
expressed as in Eqgs (2) and (3), respectively

{uxA = A, cosdy coséx coswt @)

Uyy = 4, sindy coséx coswt

{uxB = —A, cosAy coséx cos(wt + @) @)
Uy = A, sindy coséx cos(wt + @)

where uxa and uxg represent the displacement in the
X direction of the Aand B electrodes, respectively, and
uya and uyg represent the displacement in the Y
direction of the A and B electrodes, respectively. The
resultant movement of micro-pusher on X-Y plane can
be calculated by Egs (2) and (3).

2

Uy
—24A, cosly coséx sin%
2
u
+ 2 =1 (4

24, sindy coséx cos%

From Eq (4), it can be seen that when ¢=0 or ¢=m,
micro-pusher has a straight-line trajectory along the Y
direction or X direction and when ¢#0 or ¢#r, micro-
pusher has an elliptical trajectory. As a result, the
micro-pusher amplitude along a line inclined with
respect to the plate surface. Therefore, based on the
equations above, the three vibration modes of the
SPPE can be obtained, when both electrodes A and B
are excited with signal-phase mold at the same time,
this is defined as mode (1, 1) and @=0. therefore, the
Eq (4) can be expressed as this indicates that micro-
pusher has no displacement in the X direction and a
straight-line trajectory in the Y direction.

{ = (5)

u, = 24, sinly coséx

When only electrode A is excited, this is defined as
mode (1,0). The movement of micro-pusher can be
obtained from Eq (2), and shows that micro-pusher
will move in the direction of the inclination at
Quadrant I, i.e.:

A, cosly ©

u =——Uu

xA A, sindy vA

When only electrode B is excited, this is defined as
mode (0,1). The movement of micro-pusher can be
obtained from Eq (3), and shows that micro-pusher
will move in the direction of the inclination at
Quadrant I, i.e.:

_ Aycosly
Yan = A, sinly Yys

@)

The driving principle of the MDOF piezoelectric
actuator is based on the movement of midpoint P,
which is generated by the vibration of the SPPE.
Therefore, this study used analysis software to
investigate the behavior of the SPPE and to design the
MDOF piezoelectric actuator. In the simulation, The
PZT material properties of d31, electromechanical
coupling coefficient, quality factor, and density were
171 pm/V, 0.34, 1800, and 7.75 g/cm3, respectively.
The fixed points of the SPPE were designed on the
oscillation nodes to prevent the vibration mode from
reducing the driving efficiency of the MDOF
piezoelectric actuator. The simulation results
demonstrate that the fixed nodes could be located in
two zones of the long side of the SPPE, at 3.5-4.5 mm
and 11.5-12.5 mm.

A driving voltage was applied to electrodes Aand B
to verify the trajectory of the micro-pusher. Generating
different vibration modes of the SPPE produced three
different trajectory directions of the micro-pusher.
Figure 2 shows the dynamic SPPE behavior of the
micro-pusher under a certain driving voltage and
different vibration mode. Figure 2 (I) shows the
vibration mode (5V, 5V) as (1,1), in which both
electrodes A and B are excited. When the driving
voltage is in the peak position (V=Vmax), the micro-
pusher of the SPPE exhibits an extension movement in
which the micro-pusher moves in a straight line and
achieves maximum displacement in the Y direction.
When the driving voltage is in the trough position (V=-
Vmax), the micro-pusher of the SPPE exhibits a
contracting movement. In Figure 2 (I1) and (111), when
the driving voltage is at position (V= 0V), the micro-
pusher of the SPPE is steady. The motion points can
be obtained from the excitation electrode toward the
floating electrode (Figure 2 (11) and (I11)). Therefore,
this study employs two parallel symmetric
piezoelectric pusher elements (SPPEs) to design and
fabricate the MDOF piezoelectric actuator.

Vibration Excitation Behavior of the
mode signal SPPE motion
Point D Point F

T A R BN
L ey T '

I ’:}j m\"| *:i
C Meevsy) T -m 8 i)

Fig. 2 The dynamic SPPE behavior of the micro-
pusher under a certain driving voltage and
different vibration mode.

Design of the piezoelectric microactuator
The prototype of the MDOF piezoelectric
microactuator is shown in Figure 3, and includes a
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hemisphere device with 160 g weight, four pairs of
SPPEs, conductive springs. To construct the MDOF
motion platform, the micro-pushers were placed at the
midpoint P of each SPPE by surface mount technology,
and the four pairs of SPPEs were arranged on each side
of a square grid on the substrate. The micro-pushers
were fabricated from Ni alloy using additive
manufacturing, an additional advantage of using this
material being that the vibration energy generated by
the SPPE can efficiently be transmitted to the micro-
pushers, enhancing drive efficiency.

Hemisphere device

’

MDOF motion platfori :

Fig. 3 Prototype of the MDOF piezoelectric
microactuator

The driving principle of the MDOF motion platform
is mainly the conversion of vibration energy by the
micro-pusher into thrust force, which drives the
hemisphere device to rotate. Three types of vibration
modes in combination with different arrangements of
SPPEs were used to generate thrust force, making the
hemisphere device rotate along the X-, Y-, and Z-axes.
Figure 4 demonstrates how the MDOF motion
platform enables the hemisphere device to rotate along
the X-, Y-, and Z-axes. Figure 4(a) illustrates that in
order to drive the hemisphere device to rotate
clockwise along the X-axis, a negative voltage signal
(V=-Vi) needs to be applied on electrodes A and B of
SPPE (1) with vibration mode (1,1) to cause its micro-
pusher to move in the (-)Z-direction by contraction
movement; at the same time, a positive voltage signal
(V=Vi) must be applied on electrodes Aand B of SPPE
(J) with vibration mode (1,1) to cause its micro-pusher
to move in the (+)Z-direction by extension movement;
a positive voltage signal (V=Vi) must be applied on
electrode A of SPPE (K) with vibration mode (1,0) to
cause its micro-pusher to move in the (+)Y- and Z-
directions by extension movement; and finally a
positive voltage signal (V=Vi) needs to be applied on
electrode B of SPPE (L) with vibration mode (0,1) to
cause its micro-pusher to move in the (+)Y- and Z-
directions by extension movement. Therefore,
combining the four individual movements generated
by each SPPE, the hemisphere device can be driven to
rotate in the direction of the X-axis. Figure 4(b)
illustrates that to drive the hemisphere device to move
clockwise along the Y-axis, a positive voltage signal
(V=Vi) needs to be applied on electrode B of SPPE (1)
with vibration mode (0,1) to cause its micro-pusher to

J. CSME Vol.39, N0.5(2018)

move in the (-)X- and (+)Z-directions by extension
movement; at the same time, a positive voltage signal
(V=Vi) must be applied on electrode A of SPPE (J)
with vibration mode (1,0) to cause its micro-pusher to
move in the (-)X- and (+)Z-directions by extension
movement; a negative voltage signal (V=-Vi) also
needs to be applied on electrodes A and B of SPPE (K)
with vibration mode (1,1) to cause its micro-pusher to
move in the (-)Z-direction by contraction movement;
and a positive voltage signal (V=Vi) must be applied
on electrodes A and B of SPPE (L) with vibration
mode (1,1) to cause its micro-pusher to move in the
(+)Z-direction by extension movement. This
combination of the four individual movements
generated by each SPPE causes the hemisphere device
rotor to be driven to move clockwise along the Y-axis.
Finally, Figure 4(c) illustrates that to drive the
hemisphere device rotor to move clockwise along the
Z-axis, a positive voltage signal (V=Vi) needs to be
applied on electrode A of SPPEs (1), (J), (K) and (L)
with vibration mode (1,0) to cause the micro-pushers
to move in the (+)X- and Z-directions (1), the (-)X- and
(+)Z-directions (J), the (+) Y- and Z-directions (K), and
the (-)X- and (+)Z-directions (L), respectively. Thus,
combining the four individual movements generated
by each SPPE, the hemisphere device rotor can be
driven to move clockwise along the Z-axis.

(b) (©
Fig. 4 Rotation along (a) the X-axis; (b) the Y-axis; and
(c) the Z-axis.

MEASUREMENT AND EXPERIMENT

The characteristics of MDOF motion platform,
including the relationships between rotation speed and
driving voltage, were investigated. Table 1 shows the
Relation of driving voltage and rotation speed of
MDOF motion platform. The driving frequency of the
hemisphere device in the X-, Y-, and Z-directions of
clockwise rotation were 223.6, 223.2, and 225 kHz,
with rotation speeds of 76, 71, and 192 rpm,
respectively, at a driving voltage of 30Vpp as shown
in Figure 5. When the driving frequency reached the
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resonant frequency of each axis, the driving voltage
was proportional to the rotation speed. When the drive
voltage was 50 Vpp, the rotation speeds along the X-,
Y-, and Z-axis were 114, 117, and 332 rpm,
respectively as shown Table 1 and Fig. 5. These results
indicate that the rotation speeds along the X- and Y-
axes are significantly lower than those along the Z-axis.
Thus, rotation in the direction of the Z-axis is more
efficient. This is because rotation of the hemisphere
device along the Z-axis is easier for the micro-pusher
to achieve in the direction of inclination; however, for
rotation of the hemisphere device along the X- and Z-
axis, the micro-pushers must be pushed in the vertical
and oblique directions, and the weight of the
hemisphere device must be overcome. The difference
in speed between the X and Y-axis movements is
primarily due to differences in each SPPE caused by
the polarization process, which in turn leads to
differing thrust between the hemisphere device and the
micro-pusher.

Table 1 Relation of driving voltage and rotation speed
of MDOF motion platform

Driving 10 30 50
voltage (V)
Z-axis (rpm) 67 192 332
(@225 kHz)
Y-axis (rpm) 42 76 117
(@223.2 kHz)
X-axis (rpm) 40 74 114
(@223.6 kHz)
210
——l-axis
— B0
= = -axis
UE 150 —— K- axis
‘% 120
E S0
E: &0
30
1]
222 223 224 225 226 227 228 220

Frequency (kHz)
Fig. 5 Relation of driving frequency and rotation speed
of MDOF motion platform.

Fig. 6 shows the measured rotating accuracy of the
MDOF motion platform. The experiment in this study
demonstrated that the the hemisphere device is driven
by different modes and rotates around the X-, Y-, and
Z-axes. When applying 3 Vpp, and the duty cycle of
the drive signal is 5 ms on a MDOF motion platform,
the rotating accuracies of the hemisphere device were
0.022°, 0.022°, and 0.007°, and the driving
frequencies along the X-, Y-, and Z-axes were 223.6,
223.2, and 225 kHz, respectively. Therefore, the
hemisphere device can rotate slowly as shown in
Figure 7.
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0.005
0.004

Rotational angle (°)
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0.002

0.001 A

0 2 4 6 8 10

Pulse number (5ms)

(a) X and Y rotating accuracy of the hemisphere
device.

0.03

005g ®
L 3 . s L K 3
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Rotational angle (°)

0.01 +

0.005 -

0 2 4 6 8 10 12 14 16
Pulse number (5ms)

(b) Z rotating accuracy of the hemisphere device.

Fig. 6 The measured rotating accuracy of the
hemisphere device.

') 2
4 g?

Fig. 7 The hemisphere device can rotate slowly under
different degrees of rotation.

CONCLUSION

In this study, a piezoelectric microactuator was
developed using symmetric piezoelectric plates and Ni
alloy micro-pusher elements. An innovative Ni alloy
micro-pusher was fabricated using additive
manufacturing technology and subsequently attached
at the midpoint P of the long side of a piezoelectric
plate in order to construct a SPPE. The research
integrated AM technology and three different
vibration modes were designed in order to develop a
MDOF motion platform. The characteristics of MDOF
motion platform were measured, and the driving
frequencies for rotation of a hemisphere device of 350
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g along the X-, Y-, and Z-axes were found to be 223.6,
223.2, and 225 kHz, respectively, while the clockwise
rotation speed of the hemisphere device along the X-,
Y-, and Z-axes reached 74 rpm, 76 rpm, and 192 rpm,
respectively, at a driving voltage of 30Vpp. In
summary, a piezoelectric microactuator was
successfully developed in this study. In the future, this
MDOF motion platform may be used for a number of
applications, such as sun-tracking systems for green
energy harvesters.
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