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ABSTRACT To widen the performance of piezoelectric motors, this paper demonstrates a micro piezoelec-
tric motor having multiple driving ways. The stator includes a hollow polygon bar and two groups of PZT
plates. PZT plates are symmetrically bonded onto a brass base, and used to actuate the vibration modes
of the stator. The symmetrical design enables the motor to operate in two types of vibration modes. The
working modes are the second/third-order in-plane bending modes, and can be excited by different ways.
Elliptical motion of stator surface points is generated by superposition of two bending modes with the same
order. To investigate the feasibility of multi-mode and multi-motivation mechanisms, vibration behaviors
of stator driving particles are simulated using ANSYS software. The structural parameters of the stator are
strictly designed to harmonize the eigenfrequencies of the vibration modes. The calculated results reveal
that the motor performance can be adjusted by selecting different operating modes and excitation ways. The
motor performances under various excitation ways and driving modes are also investigated experimentally to
validate the proposed design. The dimension of the fabricated prototypemotor is 8.3mm×7.2mm×15.0mm.
Themaximum torques are respectively 8.3 cN·m and 13.3 cN·munder single-phase and two-phase excitation
voltages, when the motor operates in the second-order bending modes. The corresponding no-load speeds
are respectively 40 rpm and 47 rpm. The maximum torque and speed under the third-order bending modes
are much smaller than that under the second-order bending modes.

INDEX TERMS Piezoelectric motor, bending modes, multi-motivation, ANSYS.

I. INTRODUCTION
In-vivo medical devices such as wireless capsules have
unique advantages and already been commercially manufac-
tured by leading companies [1]. However, lack of locomotion
control element over these devices introduces low diagnostic
yields and false positive results [1].

Piezoelectric motors are appropriate for miniaturization
and show great potentials in in-vivo medical fields [2]–[6].
Nowadays, micro piezoelectric motors have been brought
forward and widely used as direct-drive modules [7]–[15].
The most typical micro piezoelectric motor was proposed
by Uchino. Owing to the asymmetrical stator structure,
two degenerated orthogonal bending modes were slightly
split [14]. A sinusoidal signal is used to yield micro
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mechanical vibrations of the stator by using the d31 effect of
piezoelectric ceramics. Then, a wobbling motion of the com-
posite stator is generated. Nevertheless, these piezoelectric
motors are driven by out-of-plane bending modes [12]–[15].
The stator is developed with a slim and long configuration,
which probably restricts its application in in-vivo [15]–[17].
To limit the height of piezoelectric motors, a compact motor
operating in the d15 shear-mode was designed [15]. The
motor has basically a flat and wide construction. The energy
conversion rate from electrical to mechanical of this motor is
much higher than that of the d31 type [15]. The bonded piezo-
electric disc was poled along the radial direction. The bottom
electrode of piezoelectric disc was divided into four parts with
keeping the top electrode common [15]. However, the radi-
ally polarized piezoelectric disc is difficult to machine.
The working modes of piezoelectric motors [7]–[15]
are typically fixed, and cannot be electrically excited by
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multiple ways. It means that the motor performance is unable
to be adjusted by excitation ways and vibrationmodes. There-
fore, the piezoelectric motors are incapable of meeting differ-
ent performance requirements simultaneously. To accurately
predict disease information [18]–[20], the proposed piezo-
electric motor should be able to offer a wider performance,
and satisfy the demand for diverse rotation speeds and torques
at different observation positions [21]–[24].

Aiming at larger performance flexibility with respect
to different application needs, a micro piezoelectric motor
driven by adjustable vibration modes and motivation
patterns is presented. The motor operates in two second/
third-order in-plane bending modes on the d33 effect of
piezoelectric ceramics. The bending modes with the same
order can be simultaneously actuated by multiple ways. The
generated vibration characteristic of the motor varies consid-
erably among different excitationmethods, and can be chosen
flexibly by applying actuation voltages on varied PZT plates.
The motor performance can also be regulated by electing
different operating modes. Accordingly, the designed motor
can achieve sufficient performance by selective excitation
of the second or third resonance vibration modes of the
stator, or adopting different incentive ways. The adjustable
incentives represent an appropriate approach to make motor
performance more flexible. The use of d33 effect also helps to
increase the piezoelectric motor’s application capacity. Addi-
tionally, the in-plane vibration modes are useful for motor
miniaturization. These features contribute to controlling the
speed and torque of piezoelectric motor used in in-vivo med-
ical devices.

II. STRUCTURE AND MODE EXCITATION PRINCIPLE
Fig. 1(a) shows a schematic illustration of the developed
piezoelectric motor. It consists of a stator, a rotor, and a
prepressure mechanism. The stator is indicated in Fig. 1(b).
It is composed of a thin brass base and two groups of PZT
plates, PZT-A and PZT-B. PZT-A1 and PZT-A2 constitute one
group of PZT plates, PZT-A. PZT-B1 and PZT-B2 compose
the other group of PZT plates, PZT-B. Among them, PZT-A2
and PZT-B2 are divided into two partitions as shown
in Fig. 1(c). Four rectangular PZT plates are symmetrically
attached to the brass base using epoxy resin adhesive [6].
The internal and external surfaces of PZT plates are cov-
ered with conductive electrodes. PZT plates are polarized
along the thickness direction illustrated by the arrows in
Fig. 1(c), and utilized to generate flexion vibrations of the
stator. Then, elliptical movement of stator driving points is
created. The rotor is pressed against the stator’s surface. The
preload between the stator and rotor is applied mechanically
by a spring. Rotation is produced via frictional interaction
between the contact surface of the stator and rotor.

The piezoelectric motor uses a combination of two bending
modes for generation of rotor rotation. A single-phase driving
way of the second-order bending modes has been briefly
discussed [6]. In this paper, the improved motor possesses
multiple excitation modes. Depending on the geometry of the

FIGURE 1. (a) The configuration of the motor; (b)The three-dimensional
structure of the stator; (c) The parameters of the stator.

stator, it can operate in two kinds of vibration modes. The
working modes are the second-order in-plane bending modes
as shown in Fig. 2, or the third-order in-plane bending modes
as indicated in Fig. 3. Moreover, these operating modes can
be excited by multiple methods. All the excitation means will
be specifically discussed in Section III.

FIGURE 2. The second-order in-plane bending modes: (a) Mode A;
(b) Mode B.

Fig. 2 indicates that PZT-Ai and PZT-Bi (i = 1/2)
synchronously elongate/contract. Thus, there are more
single-phase incentive ways. Besides, by applying two-phase
voltages with a 90-degree phase difference to two/three/four
PZT plates, the standing waves of the two bending modes
can also be actuated. A travelling wave is generated around
the circumference of stator through-hole by combining the
second-order response modes. When four PZT plates are
supplied with two-phase voltages, the performance of the
motor operating in Modes A and B will be maximized.
Under this condition, a sine voltage is applied to the outer
surface electrodes of PZT-A2 and PZT-B2. A cosine volt-
age is supplied to the outer surface electrodes of the other
PZT plates. The metal base is grounded. Consequently,
the motor operating in the second-order in-plane bending
modes has various driving schemes.

The excitation mechanism of the third-order bending
modes is slightly different from that of the second-order
bending modes. The applied actuation voltages should be
arranged according to the displacement nephogram of the
stator. Fig. 3 indicates that when PZT-Ai stretches, PZT-Bi
contracts (i = 1/2). Consequently, the applied voltage of
PZT-Ai and PZT-Bi (i= 1/2) should be reversed. Concretely,
PZT-V1 and PZT-V2 are supplied with an alternating voltage
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FIGURE 3. The third-order in-plane bending modes: (a) Mode C;
(b) Mode D.

to excite Mode C. Meanwhile, PZT-V2 (V = A/B) should be
supplied with another alternating voltage to excite Mode D.
These analyses illustrate that two-phase voltages should be
used to simultaneously excite Modes C and D. Furthermore,
by applying two-phase voltages to two/three/four PZT plates
can all actuate the vibration modes. If two-phase voltages are
applied to all PZT plates, the motor performance reaches its
maximum value under Modes C and D.

Additional PZT plates can also be adhered to the rest
surfaces of the brass base, on the basis of unchanging the
stator’s symmetry. The added PZT plates can be utilized to
apply actuation voltages and excite the vibration modes. The
excitation way of the workingmodes is further increased. The
performance of the motor is also further broadened.

III. FINITE ELEMENT ANALYSIS
The behavior of the free stator is simulated using the finite
element software ANSYS to theoretically verify multiple
drive mechanism. To build the three-dimensional finite ele-
ment model of the stator, PZT plates are meshed using the 3D
coupled-field solid element SOLID5. The SOLID5 element
has eight nodes with up to six degrees of freedom at each
node. The brass base is modeled using the 3D solid element
SOLID73 defined by eight nodes.

Modal analysis is carried out to tune the natural frequencies
of the vibration modes. Table 1 lists the material properties

TABLE 1. The material properties of the stator.

of the stator structural model. The thickness of PZT plates h,
the inner radius of brass base R, the side length of octagon H,
and the length of PZT plates L, as shown in Fig. 1(c), are
chosen to regulate the resonance frequencies of the vibration
modes. These structural parameters are strictly designed to
harmonize the eigenfrequencies of two second/third-order
in-plane bending modes, and then achieve multiple exci-
tation ways under two types of operating modes. When
the resonance frequencies of two vibration modes of the
same order are nearly identical, the superposition of them
will happen under specific voltage excitation source. Then,
a superimposed travelling wave is generated in the stator.
The simulation results signify that the resonance frequencies
of the vibration modes are independent of the height of
motor. Hence, the height can be further reduced. The optimal
structural parameter values of R, H, h, and L are respectively
3 mm, 3 mm, 0.5 mm and 2.5 mm. These parameter values
are different from the ones reported in preceding paper [6],
because the resonance frequencies of the second/third-order
bending modes should both be harmonized. Table 2 gives the
calculated resonance frequencies of the bending modes under
zero voltage boundary conditions and free-free mechanical
boundary conditions.

TABLE 2. The resonance frequencies of the operating modes.

Harmonic analysis is subsequently conducted to investi-
gate the displacement characteristic of the stator in frequency
domain. The vibration characteristics of the stator excited
by single-phase voltage are firstly analyzed. All feasible
single-phase incentive ways of the second-order bending
modes are given in Table 3. Each cell of Table 3 represents
a single-phase actuation way. In each cell, a sine voltage is
applied on the listed PZT plates. The other PZT plates are
floating. The brass base is grounded. The response displace-
ment of each column is the same under corresponding single-
phase excitation ways. The peak amplitude of input voltage
is 45 V. The sub-step is twenty. Table 3 reports the obtained
maximum amplitudes of Ux , Uy and Uz of the driving point p
that is shown in Fig. 1(c). The resonance frequencies of
Modes A and B under harmonic analysis are also given
in Table 3. These results imply that the resonance frequencies
of Modes A and B under different single-phase excitation
ways are slightly varied. Additionally, not all single-phase
incentive methods can simultaneously actuate the operating
modes. The single-phase voltage applied to PZT-V1 and
PZT-V2 (V = A/B) results in Mode A not to be excited.
The reason is that superposition of excited vibrations in the
y and x’ directions of the stator leads to a vibration along the
I direction. Whereas, the vibration along the IV direction is
offset.

The vibration characteristics of the stator driven by two-
phase voltages are also compared. Specifically, the brass base
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TABLE 3. The maximum displacements of the driving point p and
resonance frequencies of the second-order bending modes under
single-phase voltage.

is grounded. Two-phase voltages with the maximum value
of 45 V and phase difference of 90-degree are applied on
selected PZT plates. Table 4 summarizes two-phase excita-
tion ways of the second-order bending modes. Each column
of Table 4 displays a two-phase actuation way. V1 and V2
represent two-phase input voltages. Table 4 also gives the
calculated maximum amplitudes of Ux , Uy, and Uz of the
driving point. The resonance frequencies of the second-order
operating modes are also included in Table 4. The simulation
results reveal that all the listed two-phase excitation patterns
can simultaneously excite the second-order bending modes.
It can also be observed from the results in Table 4 that apply-
ing two-phase excitation voltages on arbitrary two/three/four
PZT plates can all actuate the second-order operating modes.
Thus, there still are some feasible two-phase excitation ways
that is not given in the table.

Table 5 shows two-phase excitation methods of the third-
order bending modes. Each column of Table 5 represents a
two-phase actuation way. The numbers in brackets indicate
different partitions of PZT-A2 and PZT-B2. Table 5 also
exhibits that all the two-phase excitation ways can stimulate
the third-order bending modes. Besides, applying two-phase
voltages on arbitrary two/three/four PZT plates can all excite
the third-order bending modes. The maximum displacement
of the driving point in Table 5 is smaller than that in Table 4.
It means that compared with high-order vibration modes,
response displacements of stator surface points driven by
low-order modes are larger under the same exciting voltage.

As can be seen from Tables 2-5, a slight variation in the
resonance frequencies of the operating modes is observed
between modal and harmonic response analyses. The differ-
ence is mainly caused by the amplitude of applied voltage in
harmonic analysis. The number of sub-steps also affects the
accuracy of computed resonance frequency. Tables 3-5 show
that the displacement amplitudes of Ux and Uy are more than
ten times larger than that of Uz. It verifies that the stator
mainly vibrates in x-y plane.

To further investigate motion behaviors of particles on the
stator surface in time domain, transient analysis is performed.
The above analysis implies that there are manyways to stimu-
late the operating modes. For simplicity, three typical driving
methods bolded in Tables 3-5 are analyzed. The structural
loss is considered by applying Rayleigh damping [22]–[24].
Firstly, an alternating voltage with the maximum amplitude

of 45 V and frequency of 17.30 kHz is applied to PZT-A2
and PZT-B2. The excitation voltage is discretized by 40 data
points per cycle. The displacement-time curve of the driving
point under single-phase voltage is shown in Fig. 4. Due to the
existence of Rayleigh damping, the vibration displacements
are smaller than the results achieved from harmonic response
analysis.

FIGURE 4. Numerical simulation results of vibration displacements in
time domain.

Fig. 5 presents the motion trajectory of the driving point
under single-phase voltage. It illustrates that the stator moves
with elliptical trace, and the proposed motor can operate in
single-phase voltage. The vibration displacement and resul-
tant trajectory can be adjusted by altering the exciting fre-
quency, or choosing different single-phase excitation ways.
These results theoretically confirm the feasibility of the
single-phase driving mechanism for the designed piezoelec-
tric motor operating in Modes A and B.

FIGURE 5. Elliptical trajectory of the driving point p on the stator surface.

Secondly, the vibration displacements of the driving point
in response to two-phase voltages are also calculated. Two-
phase alternating voltages of frequency 17.00 kHz are respec-
tively applied to all PZT plates to excite Modes A and B.
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TABLE 4. The maximum displacements of the driving point p and resonance frequencies of the second-order bending modes under two-phase voltages.

TABLE 5. The maximum displacements of the driving point p and resonance frequencies of the third-order bending modes under two-phase voltages.

The phase difference between the exciting voltages is set
to be 90-degree. The amplitude of two-phase voltages
is 45 V. The stable displacement-time curve of the driving
point under two-phase voltages is described in Fig. 6. The
overall displacement-time characteristic of the driving point
is in accordance with Fig. 4. There exists a phase difference
between the response displacementUx andUy. The phase dif-
ference betweenUx andUy is about 45-degree. The vibration
trajectory of the driving point under two-phase alternating
voltages is also elliptical. These results theoretically con-
firm the feasibility of the two-phase driving principle for the
piezoelectric motor. The vibration displacement and motion
track can be further adjusted by changing the frequency or
phase difference of two-phase actuation voltages, or choosing
different two-phase excitation ways.

These simulation results demonstrate that the second-order
bending modes can be driven by multiple ways. The response
displacement is closely related to incentive pattern. The per-
formance of the motor can be adjusted by adopting different
incentives. According to Tables 3 and 4, there are at least eight
different vibration characteristics.

Finally, the vibration displacements of the motor oper-
ating in the third-order bending modes in response to
two-phase voltages are also calculated. The increasing trend
of vibration displacement stimulated by the third-order
modes is in conformity to Fig. 4. The superimposed vibra-
tion trajectory is elliptical. The vibration displacement and
motion track can be adjusted by altering the frequency
or phase difference of actuation voltages, or selecting dif-
ferent two-phase excitation ways. The transient analysis
results further validate that the third-order bending modes
can be excited by the listed two-phase excitation ways
in Table 5. Four different vibration characteristics can be
generated, when themotor operates in the third-order bending
modes.

FIGURE 6. Stable displacements under two-phase excitation voltages.

IV. EXPERIMENTAL EVALUATION OF THE MICRO
PIEZOELECTRIC MOTOR
Experimental studies are conducted to estimate the dynamic
performance of the designed motor. The micro vibration
displacements of stator driving points significantly influence
the performance of piezoelectric motors. A scanning Laser
Doppler Vibrometer (PSV-400-M2, Polytec GmbH, Wald-
bronn, Germany) is used to measure the vibration characteris-
tic of the fabricated stator. The required experimental setup is
shown in Fig. 7. The prototype motor stator in the test system
is enlarged locally. The resonance frequencies of the bending
modes can be derived by measuring the vibration charac-
teristic of the stator under free-free boundary conditions.
To simultaneously excite Modes A and B, a function gener-
ator and a power amplifier are used to provide single-phase
driving voltage. In a frequency range from 15 kHz to 18 kHz,
the continuous vibration response is scanned to find the
resonance frequencies of the operating modes. By exciting
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FIGURE 7. Test assembly of the piezoelectric motor.

PZT-A2 and PZT-B2, the vibration velocity along the I and II
directions as shown in Fig. 1(c), is measured.

When the direction of incident laser is along the I direction,
the vibration velocity response values of the two modes are
approximately the same. The measured vibration velocity
response spectrum is shown in Fig. 8(a). When the direc-
tion of incident laser is along the II direction, the vibration
velocity response value of Mode A is larger than that of
Mode B. The acquired vibration velocity response spectrum
is illustrated in Fig. 8(b). It can be concluded from Fig.
8 that the resonance frequency of Mode A is 16.00 kHz. The
resonance frequency of Mode B is 16.57 kHz. The resonant
frequencies of Modes A and B under two-phase voltages are
approximately the same as those under single-phase voltage.
Fig. 8(a) also reveals that the resonance frequency of one of
the third-order bending modes is about 46 kHz, according to
the described excitation principle of the third-order bending
modes.

The resonance frequencies of the third-order bending
modes are also tested. PZT plates are supplied with two-phase
voltage as described in Section II to excite Modes C and D.
The measured the resonance frequencies of the third-order
bending modes are 46.07 kHz and 46.65 kHz. The experi-
mental resonance frequencies are slightly different from the
theoretical values. This is mainly due to the bonding layer
which is not considered in simulation, and machining errors.
The epoxy layer between PZT plates and brass base affects
the mechanical quality factor of the stator. This results in
an inconsistence in the calculated and measured resonance
frequencies of the presented motor.

A micro driver as shown in Fig. 9(a) is used to provide
driving voltages, and measure the mechanical characteristic
of the prototype motor. The generated two-phase square wave
excitation voltage is shown in Fig. 9(b). Three typical incen-
tive methods bolded in Tables 3-5 are performed in experi-
ments as in transient analysis. An alternating voltage supplied
by the micro driver is applied on PZT-A2 and PZT-B2 to
excite the second-order bending modes under single-phase
excitation. Whereas, two alternating voltages are applied on
all PZT plates for two-phase excitation experiments. The
phase difference of the two alternating voltages is 90-degree.
The amplitude, frequency, and phase difference of the driving
voltage can be adjusted by the micro driver.

FIGURE 8. Vibration scan results of the prototype motor under
single-phase voltage.

FIGURE 9. (a) The micro driver; (b) The generated two-phase drive
voltage.

Fig. 10 displays the dependence of the motor’s rotational
speed on driving frequency. The amplitude of actuation volt-
age is set to be 45 V. The applied preload is 5 N. The preload
is orthogonally applied to the stator by tightening the coil
springs. The speed is estimated with a revolution counter. The
data in Fig. 10 suggests that the prototype motor achieves a
maximum rotary speed of 40 rpm under single-phase voltage,
as the exciting frequency reaches 16.40 kHz. A maximum
velocity of 47 rpm is attained under two-phase excitation
voltages. The corresponding exciting frequency is 15.80 kHz.
There is a slight deviation in frequencies corresponding to
the maximum speed under the two incentive ways. The rea-
son is that under single-phase actuation there is no voltage
applied to PZT-A1 and PZT-B1. The floating PZT plate influ-
ences the vibrations of the stator and resonance frequencies
of the second-order bending modes. It also means that the
impedance characteristic of the stator is varied under different
electrical boundary conditions. The maximum no-load speed
reaches 9 rpm under the third order bending modes, which is
smaller than that under the second-order bending modes.

Fig. 11 gives the load characteristics of the investigated
motor. The torque is measured by pulling up the weight.
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FIGURE 10. No-load speed characteristics.

FIGURE 11. Plot of the speed versus the torque.

A best fitting curve is drawn joining the experimental results.
The prototype motor respectively gains a maximum torque
of 8.3 cN·m and 13.3 cN·munder single-phase and two-phase
excitation voltages, when operating in Modes A and B. The
maximum torque under Modes C and D is smaller than that
under Modes A and B. The measurement results verify the
effectiveness of the proposed multiple excitation methods.
In addition, this motor possesses a significant performance
advantage. It exhibits different performances under variable
excitation ways and vibration modes. A suitable motivation
approach can be chosen freely according to actual application
needs.

V. CONCLUSION
A piezoelectric motor with adjustable output performances is
presented. The motor is designed to satisfy different appli-
cation requirements by choosing appropriate excitation ways
and working modes. The stator comprises a metallic cube
with a side length of 3 mm and a through-hole of 3 mm
radius at its center, and four PZT plates. The exciting prin-
ciple of the operating modes is analyzed. Elliptical motion
of stator surface points is generated by superposition of two
in-plane bending modes with the same order. The vibra-
tion features of the motor under various driving ways and

vibration modes are simulated and compared by the finite
element software ANSYS.

To validate the feasibility of the motor experimentally,
a prototype motor is manufactured, and a set of experimental
system is established. The size of the fabricated motor is
8.3 mm×7.2 mm×15.0 mm. The prototype motor driven
by Modes A and B respectively gains a maximum torque
of 8.3 cN·m and 13.3 cN·munder single-phase and two-phase
excitation voltages. The corresponding no-load speeds are
respectively 40 rpm and 47 rpm. The maximum torque and
speed under Modes C and D are both much smaller than that
under Modes A and B. Compared with prior piezoelectric
motors [15]–[21], this motor can be flaky shape, and driven
by a miniaturized circuit. The most significant difference
between this design and the former ones is that the motor
possesses different performances under variable excitation
ways and vibration modes, and then has wider applicabil-
ity. The designed motor yields significant improvements in
terms of mode excitation mechanism, which is beneficial to
broaden the motor performances. These features make the
proposed motor to be beneficial to integrate into wireless
capsules.
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