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In order to simplify the motor structure, to reduce the difficulty of rotor pre-pressure application and
to obtain better output performance, a new internal cone type rotating traveling wave ultrasonic motor is
proposed. The parametric model of the internal cone type ultrasonic motor was established by the ANSYS
finite element software. The ultrasonic motor consists of an internal cone type vibrator and a tapered rotor.
The dynamic analysis of the motor vibrator is carried out, and two in-plane third-order bending modes with the
same frequency and orthogonality are selected as the working modes. The other advantages of this motor are
that pre-pressure can be imposed by the weight of the rotor. The prototype was trial-manufactured and
experimentally tested for its vibration characteristics and output performance. When the excitation frequency
is 22260.0 Hz, the pre-pressure is 0.1 N and the peak-to-peak excitation voltage is 300 V, the maximum output
torque of the prototype is 1.06 N ⋅mm, and the maximum no-load speed can reach 441.2 rpm. The optimal
pre-pressure force under different loads is studied, and the influence of the pre-pressure force on the mechanical
properties of the ultrasonic motor is analyzed. It is instructive in the practical application of this ultrasonic
motor.
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1. Introduction

The ultrasonic motor is a new type of micro-
technical motor that uses the inverse piezoelectric ef-
fect of piezoelectric materials to produce ultrasonic
frequency vibration in the vibrator and uses the fric-
tion between the vibrator and the rotor to achieve the
rotor rotation, linear or multi-degree-of-freedom mo-
tion. Ultrasonic motors have the advantages of a sim-
ple structure, high power density, fast response, no
electromagnetic radiation, and high positioning accu-
racy (Zhao, 2011). Therefore, more and more scholars
have explored and researched them from the aspects
of structure design, drive control principle and fric-
tion materials, and have achieved certain results (Tian
et al., 2020; Makarem et al., 2021; Li et al., 2019;
Puoza, Sakthivelsamy, 2021; Wang et al., 2020).
Now ultrasonic motors have been successfully applied

in precision positioning systems, micro-robotic sys-
tems, aerospace engineering, biological engineering and
other high-tech industrial settings (Liu et al., 2022;
Olsson et al., 2016; Mishra et al., 2018; Wang, Xu,
2017; Oh et al., 2009).

Ultrasonic motors can be divided into standing
wave ultrasonic motors and traveling wave ultrasonic
motors from the point of view of vibration charac-
teristics. In commercial applications, the latter are
widely used because of their high efficiency and sim-
pler drive control. From the viewpoint of a motion out-
put, they can be divided into rotary, linear and multi-
degree-of-freedom ultrasonic motors (Ryndzionek,
Sienkiewicz, 2021). Among them, rotary ultrasonic
motors are more well developed and the technology
is more mature. Among various types of ultrasonic
motors, squiggle and in-plane bending travelling wave
ultrasonic motors are often suitable for miniaturiza-
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tion and integration (Xu et al., 2021; Lu et al., 2020;
Mashimo, Oba, 2022; Li et al., 2021).

An important factor affecting the application of the
ultrasonic motor is the overall structural size. There-
fore a millimeter scale thick film rotating traveling
wave ultrasonic motor based on the chemical mechani-
cal thinning and polishing process is proposed (Zhang
et al. 2022). The vibration mode of the motor is the
B02 mode under the resonant frequency of 26.2 kHz.
The motor can achieve stable bidirectional rotation un-
der the excitation of four sinusoidal voltages. More-
over, when the excitation voltage is 50 Vp−p, the max-
imum speed can reach 766 rpm under the preload
force of 0.686 mN. A miniature flat cross-shaped rotat-
ing ultrasonic motor was designed and manufactured
(Čeponis et al. 2020). The motor rotates the rotor
by exciting the first-order in-plane bending vibration
of the cross-shaped vibrator. The results of the exper-
imental study show that the motor has a maximum
speed of 972.62 rpm at a peak-to-peak of 200 V when
a preload force of 22.65 mN is applied. The minia-
ture cross-shaped motor can be mounted directly to
a printed circuit board or integrated into other sys-
tems with a limited installation space.

The oblate-type ultrasonic motor, extensively de-
sired in small-scale robotics, fuzing, and biomedical
technology, however, has not obtained abundant devel-
opment. A flat ultrasonic micro-motor with multilayer
piezoelectric ceramics and a chamfered driving tip is
proposed in order to realize a low-voltage drive for ul-
trasonic motors (Zhao et al. 2016). The vibrator is fab-
ricated with a multilayer piezoelectric ceramic glued to
a copper ring with a thickness of 0.5 mm. There are six
driving tips on the copper ring as a whole. The driving
tips are chamfered in the proper direction and their
height is 1 mm. The motor can work smoothly and
reach a rotation speed of about 2000 r/min at a volt-
age amplitude of 20 Vp−p. It shows the characteristics
of high speed and low load capacity.

As can be seen from the above-mentioned articles,
many authors have paid attention to motor miniaturi-
zation and structural innovations. Therefore, this pa-
per proposes an internal cone type rotating traveling
wave ultrasonic motor, which consists of an internal
cone type vibrator and a tapered rotor, and uses fric-
tion to drive the rotor in a rotational motion. The in-
ternal cone type vibrator and the tapered rotor are in
trapezoidal teeth contact with each other, which facil-
itates the smooth operation of the motor while having
a large output speed and an output torque.

2. Ultrasonic motor structure
and working principle

2.1. Ultrasonic motor structure

The structure of the internal cone type ultrasonic
motor vibrator is shown in Fig. 1. The internal cone

a)

b)

Fig. 1. Structure of ultrasonic motor: a) 3D model of the
motor; b) main geometrical parameters of the vibrator.

type vibrator is based on a cylindrical structure with
a tapered hole inside. Several uniform inner trapezoidal
teeth are designed inside the cylinder, which is con-
ducive to enlarging the amplitude of the inner sur-
face in the circumferential direction. The number of
teeth in the vibrator is 45, and the width of the tooth
slot is 0.2 mm. Four rectangular piezoelectric ceramic
sheets of 8× 4× 1 mm are pasted on the outer surface
of the internal cone type vibrator. The diameter of the
outer cylindrical surface of the internal cone type vi-
brator of the rotating ultrasonic motor is set to 30 mm.

In Fig. 1, the tapered rotor of the motor and the in-
ternal cone type vibrator are in contact with the bevel
tooth surface, which is very different from the point
contact structure in the contact process between the
vibrator and the rotor of the previous motor, which
can ensure the stable contact between the vibrator
and the rotor and reduce energy loss. And it dissipates
heat well, as well as it avoids the problems of unstable
operation and small driving torque of the ultrasonic
motor in the past. The polarization directions of the
two groups of piezoelectric ceramic sheets are shown
in Fig. 1.
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2.2. Bending vibration of cylindrical shells

The piezoelectric oscillator described in this paper
is a thin-walled structure, and its vibration modes can
be analyzed by using the cylindrical shell vibration the-
ory. The coordinate system of the cylindrical shell is
shown in Fig. 2, which is the radial coordinate, the
angular coordinate and the axial coordinate. It is as-
sumed that the vibration displacement is tangential
and radial. The displacement distribution of the in-pla-
ne vibration mode of the cylindrical shell is a constant
along the axial direction (axis), and the displacement
distribution along the radial direction (axis) is also
considered as a constant due to the thin-walled struc-
ture, so each displacement component is a function of
the angular coordinate. Soedel (2004) proposed the
equation for the in-plane free vibration of a cylindrical
shell:
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where K = E
(1−µ2) is the short cylinder stiffness, k = h2

12R2

is the short cylinder correlation constant, h is the ra-
dial thickness, R is the neutral plane radius, ρ is the
material density, µ is the material Poisson’s ratio, E is
the material Young’s modulus.

Fig. 2. Coordinates of cylindrical shells.

According to the periodicity of the ring structure,
there are solutions of the following form:
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where ω is the circular frequency of the short cylin-
der, An1, An2, Bn are the amplitude coefficients. The
aforementioned formula is substituted into the vibra-

tion equation to obtain:
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Solving Eq. (5) yields:
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Combining Eqs. (3) and (4) yields:
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where ωn1 is the intrinsic frequency of the n-th-order
in-plane expansion mode, ωn2 is the intrinsic frequency
of the n-th-order in-plane bending mode. Bn1, Bn2 are
the in-plane bending modes of the short cylinder.

2.3. Principle of operation

Figure 3 shows the working principle of the in-
ner cone ultrasonic motor proposed in this paper. The
internal cone type vibrator structure has a certain
symmetry. When the two-phase piezoelectric ceramic
sheets arranged at 90○ intervals are excited by the sine
and cosine excitation voltages, respectively, the vibra-
tor will generate a third-order bending resonance, and
the vibrator will be excited:

wA = W cosnθ cosωt, (10)

wB = W sinnθ sinωt. (11)

Fig. 3. Working principle of internal cone type ultrasonic
motor.
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A and B two-phase standing waves are superimpo-
sed on the vibrator to obtain bending traveling waves:

w = wA +wB =W cos (nθ − ωt) , (12)

where W is the amplitude of the vibration of the A
and B phases, n is the modal order of the bending
vibration, θ is the angular coordinate along the cir-
cumferential direction, ω is the natural frequency of
the third-order bending mode.

For the third-order bending mode, the two-phase
ceramic sheets are separated by three-quarter wave-
lengths in this paper. When the two standing waves
with equal amplitudes excited by the two modes A
and B have a phase difference of π/2 in time, they will
be superimposed on the internal cone type vibrator
to form a traveling wave running in the circumferen-
tial direction. After the traveling wave is formed on
the internal cone type vibrator, the two orthogonal in-
plane third-order bending modes of the same frequency
are superimposed on each other to generate an ellip-
tical motion trajectory on the particle on the inner
tooth surface. Finally, under the action of a certain
pre-pressure, the rotary motion of the tapered rotor
is realized through the friction coupling between the
inner teeth and the tapered rotor.

3. Finite element simulation
of piezoelectric vibrator

In this paper, modal and harmonic response analy-
ses were performed with the help of the ANSYS finite
element software to design and build an internal cone
type vibrator model. Figure 4 shows the two third-
order bending vibration patterns of the designed ta-
pered vibrator under free boundary conditions.

a) b)

Fig. 4. Third-order bending mode of piezoelectric vibrator:
a) B03 A-phase mode; b) B03 B-phase mode.

In selecting the vibrator vibration mode, the modal
analysis results show that the vibrator is not only or-
thogonal but also similar in frequency in the third-
order bending resonance mode. At the same time, the
amplitude of the low-order mode is larger than that of

Table 1. Properties of the piezoelectric ceramic sheet.

Ceramic
Piezoelectric strain

factor d33
[pC ⋅N−1]

Relative
permittivity

εr

Planar electromechanical
coupling coefficient kp

[%]

Thickness electromechanical
coupling coefficient kt

[%]

Mechanical
quality

factor Qm

PZT-81 300 1350 0.58 0.50 1000

the high-order mode in terms of vibration strength,
so the low-order mode is usually chosen. Finally, the
two orthogonal third-order bending modes of the piezo-
electric vibrator are selected to have intrinsic frequen-
cies of fA = 22959.7 Hz and fB = 22960.8 Hz.

In order to ensure that the vibrator does not have
interference modes in a certain wide working frequency
band, the ANSYS finite element software is used to
analyze the harmonic response of the ultrasonic motor
vibrator. An excitation signal with a peak value of 40 V
and the frequency range of 20000 Hz to 25000 Hz was
applied to the two sets of ceramic sheets, respectively.
The amplitude-frequency characteristics of the vibra-
tor are obtained through the analysis and solution of
the post-processing module of the ANSYS finite ele-
ment software. The amplitude displacement peak ap-
peared at the frequency of 22960 Hz, and no other am-
plitude displacement peaks appeared in the frequency
range 20000∼25000 Hz. The results show that the vi-
brator has no interference mode in the frequency range,
which verifies that the motor has good stability in
a wide frequency band. The analysis results of the A
and B phases are shown in Fig. 5.

r-direction
z-direction

Fig. 5. Harmonic response analysis of vibrator.

4. Experimental study of ultrasonic motor

4.1. Prototype ultrasonic motor

The prototype of the cone type ultrasonic motor
was made according to the structural dimensions given
in Fig. 1. The vibrator material is 45# steel (high
quality carbon structural steel with a carbon content
of 0.45%), and the motor vibrator is boiled black in
order to prevent the vibrator from being corroded
by long working hours. Under certain pre-pressure,
four rectangular PZT-81 piezoelectric ceramic sheets
polarized along the thickness direction were attached
to the four positioning slots on the outer cylindrical
surface of the vibrator using epoxy resin. The length of
PZT-81 piezoelectric ceramic sheet is 8 mm, the width
is 4 mm, and the thickness is 1 mm. The detailed
parameters are shown in Table 1. The bottom edge
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of the rectangular piezoelectric ceramic sheet is aligned
with the end of the small aperture of the vibrator.
In order to reduce the wear on the vibrator during
the long working hours of the motor, the tapered rotor
material is 2A12 (series 2 aluminum alloy with serial
number 12) with a weight of 10 g. The prototype is
shown in Fig. 6.

Fig. 6. Photograph of internal cone type ultrasonic motor
principle prototype.

4.2. Ultrasonic motor vibrator test experiment

The vibration characteristics of the internal cone
type vibrator were tested by the arbitrary wave-
form/function signal generator Tektronix AFG320, the
2713 Power Amplifier from B&K Denmark, the Ger-
many Polytec OFV-505/5000 Laser Vibrometer, the
multi-channel high frequency digital storage oscillo-
scope Agilent DS06014A and the precision vibration
isolation platform as shown in Fig. 7. The frequency
sweep test was carried out on the amplitude distribu-
tion of the midpoint P of the tooth structure end face
of the inner tooth surface of the vibrator, as shown in
Fig. 8.

Laser vibrometer

v

v
i p

Fig. 7. Photograph of the experimental test instrument.

Fig. 8. Amplitude and frequency characteristics
of the vibrator near the resonance point.

The experimental results show that the resonance
frequencies of the two third-order bending modes of
the vibrator are 22248.5 Hz and 22260 Hz, respectively,
while the resonance frequencies obtained by modal
analysis are 22959.7 Hz and 22960.8 Hz, respectively.
The frequency difference between the two is 711.7 Hz
and 700.8 Hz respectively, and the errors are 3.09% and
3.05%, respectively. The frequency of the third-order
bending mode is basically consistent with the numeri-
cal simulation results of ANSYS software. The vibrator
has no other interference modes in the frequency range
of 20000∼25000 Hz.

The amplitude distribution of the midpoint P of
the tooth structure end face of the inner tooth sur-
face of the vibrator was tested by a vibration testing
instrument. The actual vibration measurement results
are shown in Fig. 9. When the excitation frequency is
22260 Hz, the in-plane third-order bending mode of the
vibrator can be well excited, and the vibrator can re-
alize the expected traveling wave motion, which also
proves the feasibility of the motor.

°

Fig. 9. 360○ amplitude distribution of piezoelectric vibrator.

4.3. Ultrasonic motor vibrator test experiment

The output characteristics test rig was built
(Fig. 10). The output characteristics of the motor
are experimentally tested when the excitation voltage
peak-to-peak value is 300 V and the excitation fre-
quency is 22260 Hz using the multi-function driver. In
the experimental test, a photoelectric tachometer was
used to measure the rotational speed of the tapered
rotor under different excitation voltages. When the ex-
citation voltage peak-to-peak value is 300 V, the pre-
pressure is 0.1 N, the excitation frequency is 22260 Hz,
and the excitation voltage is increased to 300 V, the
no-load speed of the ultrasonic motor can reach up to
441.2 rpm, as shown in Fig. 11.
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Fig. 10. Photograph of the output characteristics test rig.

Fig. 11. No-load speed at different excitation voltages.

In the experimental test of torque and rotational
speed, the magnitude of the torque is adjusted by lift-
ing weights of different masses by the tapered rotor,
while the rotational speed is still measured with a pho-
toelectric tachometer. When the peak-to-peak value
of the excitation voltage is 300 V, the pre-pressure
is 0.1 N, and the excitation frequency is 22260 Hz,
the motor speed decreases smoothly with the increase
of torque, which is approximately linear. The maxi-
mum output torque of the motor is 1.06 N ⋅mm, as
shown in Fig. 12.

Fig. 12. Motor speed at different torques.

4.4. Ultrasonic motor pre-pressure analysis

The optimum ultrasonic motor pre-pressure depends
on the design parameters and operating torque of the
motor. When assembling a motor, choosing different
pre-pressure for specific operating conditions and load

torques will positively affect its efficiency and perfor-
mance. The test was performed with the output char-
acteristics test rig above (Fig. 10). The platform is ca-
pable of applying loads and pre-pressure forces and tes-
ting the corresponding speeds. In the experimental
tests of pre-pressure, load torque and rotational speed,
the pre-pressure was adjusted by changing the weight
and load of the tapered rotor. The torque is regulated
by tapered rotors that lift different masses, while speed
is still measured by a photoelectric tachometer.

The motor speed decreases as the load torque in-
creases until the motor is locked. On the other hand,
the motor speed increases as the pre-pressure increases
and then decreases, as shown in Fig. 13. As can be
seen from the figure, the pre-pressure and load torque
do not affect the motor speed independently; the cou-
pling between pre-pressure and load torque is as fol-
lows: as the load torque increases, the value of the op-
timal motor pre-pressure corresponds to the inflection
point of the speed increase.

Fig. 13. Relationship between the experimentally found
motor speed, pre-pressure, and load torque.

At present, the speed regulation methods of ul-
trasonic motors mainly include frequency regulation,
voltage regulation, and phase regulation. The existing
speed regulation methods often have the problem of
coupling the speed and torque, as well as the narrow
adjustment range. For such problems, we propose to
change the pre-pressure speed regulation scheme and
conduct a pre-pressure speed regulation experiment for
this motor. According to the experimental results, the
relationship between motor speed and pre-pressure un-
der different loads can be obtained, as shown in Fig. 14.

As can be seen from Fig. 14, the motor speed in-
creases and then decreases with increasing pre-pressure
for all cases with different load torques. By using this
monotonic relationship fragment before and after the
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Fig. 14. Relationship between speed and pre-pressure under
different loads.

pre-pressure reaches a specific value, the motor speed
can be adjusted. In addition, for fast speed regulation
and to avoid non-monotonic relationship in speed reg-
ulation, the pre-pressure should be gradually increased
from the left side for small load torque and gradually
decreased from the right side for large load torque un-
til the motor reaches the desired speed. The dashed
line marks the trend of the pre-pressure correspond-
ing to the maximum speed of the motor at different
load torques. It can also be seen that there is no sud-
den blocking of the motor when increasing the pre-
pressure; theoretically a full range of speed regulation
can be achieved.

5. Conclusion

With the help of the ANSYS finite element soft-
ware, a parametric model of an internal cone type
rotating traveling wave ultrasonic motor with trape-
zoidal teeth was established. The modal analysis and
harmonic response analysis of the motor vibrator were
carried out, and the structural parameters and working
modes were determined. A prototype was fabricated,
and the vibration characteristics of the motor vibrator
were tested by the laser vibration measurement sys-
tem, and the excitation frequency of the two orthogo-
nal modes with the same frequency was 22260 Hz. An
output performance test device was built, and the out-
put characteristics of the prototype were tested exper-
imentally. The prototype runs stably, has a high-speed
output, and has good motion and power adjustment
characteristics. When the excitation voltage peak-to-
peak value is 300 V, the pre-pressure is 0.1 N, and the
excitation frequency is 22260 Hz, the maximum out-
put torque of the ultrasonic motor is 1.06 N ⋅mm, and
the maximum no-load speed is 441.2 rpm. The optimal
pre-pressure of the motor under different loads is stud-
ied and analyzed. There is a coupling relationship be-
tween the influence of pre-pressure and load torque on
the speed of the ultrasonic motor. Adjusting the pre-
pressure according to the load and rotational speed can
improve the output efficiency of the ultrasonic motor.
This has important implications for the practical use
of this ultrasonic motor.
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