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Abstract—With their characteristics of low density and 
elastic moduli, polymers are promising materials for making 
ultrasonic motors (USMs) with high energy density. Although 
it has been believed for a long time that polymers are too lossy 
to be applied to high-amplitude vibrators, there are several 
new polymers that exhibit excellent vibration characteristics. 
First, we measure the damping coefficients of some functional 
polymers to explore the applicability of polymers as vibrators 
for USMs. Second, to investigate the vibration characteristics, 
we fabricate bimorph vibrators using several kinds of polymers 
that have low attenuation. Third, a bending mode USM is 
fabricated with a polymer rod and four piezoelectric plates 
bonded on the rod as a typical example of a USM. Through 
an experimental investigation of the motor performance, it was 
found that the polymer-based USMs exhibited higher rotation 
velocity than the aluminum-based USM under a light preload, 
although the maximum torque of the polymer-based USMs 
was smaller than the aluminum-based USM. Among the tested 
polymers, polyphenylenesulfide was a prospective material for 
USMs under light preloads because of the high amplitude and 
lightweight of polyphenylenesulfide.

I. Introduction

With their characteristics of low speed, high torque, 
and quick response [1], ultrasonic motors (USM) 

have been applied in robots, precision positioning ma-
chines, and optical instruments. As an important part of a 
mechanical system, an actuator with high energy density 
can decrease the total weight of the system and increase 
the operability. Many researchers have focused on develop-
ing micro-sized USMs [2]–[10], whose vibrators were made 
primarily of metal or piezoelectric ceramics [11]. MEMS 
technology is also used to miniaturize USMs; however, this 
is applicable only to micro motors smaller than 1 mm, and 
available materials are limited. On the other hand, reduc-
ing the weight of actuators is another important issue. A 
variety of new functional polymers have been invented in 
the last 30 years with the development of material science, 
and some of the polymers have good workability and wear 
characteristics [12]. In some of the previous reports on 
USMs, polymer film was glued to the contacting surface as 
a friction material to improve the friction and wear char-
acteristics [13]–[16]. However, polymers have never been 

used as the vibrating body of a USM. To reduce weight, 
it would be meaningful to examine the possibility of ap-
plying polymers as both the vibrator and rotor of a USM.

Polymers usually appear to be very soft and good for 
absorbing vibration as a result of high mechanical loss. 
However, among new kinds of engineering polymers, some 
products with low mechanical loss exist. To gain a pre-
liminary understanding of the attenuation characteristics 
of the polymers, we measured the damping coefficients 
of some typical functional polymers: polyetheretherketone 
(PEEK), polyacetal (POM), acrylonitrile-butadiene-sty-
rene (ABS), polyphenylenesulfide (PPS), and polyphen-
ylenesulfide filled with carbon fiber (PPS/CF). Next, we 
selected the polymers with low damping coefficients to 
fabricate bar-type USMs and investigated the vibration 
and mechanical characteristics of those USMs.

II. Polymer-Based Bimorphs

A. Introduction of the Tested Polymers

Since the first report about its excellent mechanical 
properties, PEEK has been a promising substitute mate-
rial for metal. At present, the current version of PEEK 
has excellent abrasion resistance and workability [12], 
[17]. In industrial applications, lightweight gears are often 
made of POM because of its high resistance to abrasion 
and heat [18]. ABS has flowability and high resistance to 
impact [19]. PPS is also widely applied in the automo-
tive industry because it has better wear properties than 
PEEK [20]. To increase strength, other materials such as 
glass, carbon fiber, and aramid fiber are filled in bars or 
plates of PPS. The composite, using carbon fiber as filler 
component with a mass fraction of 30%, is referred to as 
PPS/CF. The carbon fibers are filled in parallel in one di-
rection; thus, this composite has obvious anisotropy. The 
mechanical characteristics of PEEK, POM, ABS, PPS, 
and PPS/CF used in the experiments in this paper are 
listed in Table I. Note that the elastic modulus of the 
PPS/CF shown in Table I is the value in the direction of 
the carbon fibers.

B. Preliminary Measurement of the Damping Coefficients

Because the attenuation characteristics for the kilo-
hertz vibration of the polymers used in the experiments 
have rarely been reported, we measure the damping coef-
ficients of these functional polymers before conducting our 
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experiments to make preliminary choice of the polymers 
suitable for vibrators. As a comparison, the damping coef-
ficient of aluminum is also measured.

Fig. 1 shows the experimental setup. One end of the 
bar of 100 mm in length, 10 mm in width, and 1.5 mm 
in thickness was fixed to an acrylic base using a bolt. We 
hammered the middle of the bar to give it a transient 
mechanical input, and measured the vibration velocity at 
the free end using a laser Doppler velocimeter (NLV1232, 
Polytec, Waldbronn, Germany). A damped oscillation of 
the velocity v(t) with an exponential envelope, as shown 
in Fig. 2, is theoretically expected. The vibration velocity 
v(t) is given by the equation

 v t V e tt( ) sin( ),= ⋅ ⋅ +−
0 0

0βω ω θ  (1)

where V0, 2β, ω0, and θ are the initial velocity amplitude, 
the damping coefficient, the resonance frequency, and the 
phase. We calculated the damping coefficients 2β by fit-
ting the measured data with the envelope of (1). The mea-
surements were carried out 20 times for each sample, and 
the averaged value was selected as the damping coefficient 
of the sample.

Fig. 3 shows the results. The damping coefficient of 
PPS is 0.003, which is the smallest among the tested poly-
mers. The damping coefficient of PPS/CF increases to 
0.006 with the carbon fiber filled into the base-material 
PPS. The damping coefficients of POM and ABS are eight 
times larger than that of the PPS. The damping coef-
ficient of aluminum is 0.0005, which is 0.17 times that of 
PPS. From these results, we decided to use PEEK, PPS, 
and PPS/CF as the elastomers of bimorphs to test their 
capabilities as piezoelectric vibrators.

C. Structure and Dimensions of the Bimorph

As shown in Fig. 4, two pieces of piezoelectric ceramic 
plates with a folded electrode (C213, Fuji Ceramics, Fuji-
nomiya, Japan) of 10 mm in length, 4 mm in width, and 
0.5 mm in thickness are glued to the side surfaces of a 
polymer rectangular cantilever using epoxy. The electrical 
connection of the electrodes to the power source is shown 
in Fig. 4. When an alternating voltage at the resonance 
frequency was exerted, a bending mode appeared on the 
vibrator, although the tested polymers were nonconduc-
tive. It should be noted that, for the PPS/CF-based bi-
morph, the direction of the vibration velocity was approxi-
mately vertical to the filling direction of the carbon fibers. 
The vibration distribution was measured using a laser 
Doppler velocimeter (NLV1232, Polytec). To compare the 
performances, bimorphs using PEEK, PPS, and PPS/CF 
were made with the same dimensions. Meanwhile, a bi-
morph made of aluminum with the same structure and 
dimensions was made as a reference. The admittance char-
acteristics were measured using an impedance analyzer 
(4294A, Agilent, Santa Clara, CA, USA), and the results 
of the PEEK-, PPS-, PPS/CF-, and aluminum-based bi-

TABLE I. Mechanical Characteristics of the Tested 
Polymers and Aluminum.

Material
Density 

(× 103 kg/m3)
Elastic modulus 

(GPa)
Poisson's 

ratio

PEEK 1.28 3.5 0.40
POM 1.41 2.8 0.35
ABS 1.05 2.4 0.36
PPS 1.35 3.45 0.36
PPS/CF 1.44 21.2* —
Aluminum 2.70 70.3 0.33

*Measured in filling direction.

Fig. 1. The experimental setup of the measurement of the damping coef-
ficient.

Fig. 2. The theoretical output and envelope curve of vibration velocity in 
the time domain under a transient input.

Fig. 3. The measurement results of the damping coefficients.
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morphs are demonstrated in Figs. 5(a)–5(d), respectively. 
Electrical responses corresponding to the 1st, 2nd, and 
3rd bending modes are observed in the admittances. The 
3rd bending mode shows the most obvious response be-
cause the position of the piezoelectric ceramic is near the 
antinode of the 3rd mode.

To precisely obtain the mechanical quality factors (Q 
factors) of the bimorphs, we measured the frequency re-
sponse of the vibration velocity at the free end of the 
vibrator around the resonance frequency of the bending 
modes. The Q factors are calculated according to the ap-
proximate equation

 Q
f
f= 0
∆

, (2)

where f0 and Δf represent the resonance frequency and the 
bandwidth for 1/√2 of the amplitude, respectively.

Fig. 4. Structure and dimensions of the bimorph vibrators.

Fig. 5. Admittance characteristics of (a) PEEK-, (b) PPS-, (c) PPS/CF-, and (d) aluminum-based bimorph vibrators.
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D. Results

The vibration velocities were measured along the bar at 
an interval of 1 mm at a driving voltage of 60 V. Figs. 6(a)–
6(d) show the results with Q factors for the PEEK-, PPS-, 
PPS/CF-, and aluminum-based bimorphs. The PEEK vi-
brator had its natural frequencies of the 1st, 2nd, and 3rd 
bending modes at 0.54, 4.5, and 11.74 kHz, respectively, 
and the maximum vibration velocity reached 363 mm/s 
at the free end. The resonance frequencies of the 1st, 2nd, 
and 3rd bending modes for the PPS vibrators were 0.54, 
4.13, and 11.23 kHz, respectively. The maximum vibra-
tion velocity was 550 mm/s at the 3rd bending mode. The 
natural frequency of each mode increased for the PPS/CF 
vibrator, exhibiting higher values of 0.97, 5.79, and 15.24 
kHz; meanwhile, the maximum vibration velocity fell to 
250 mm/s at a driving frequency of 5.79 kHz. The Q fac-
tors of the PPS- and PPS/CF-based bimorphs were higher 
than those of the PEEK-based bimorph. For the alumi-
num-based vibrator, the natural frequencies of 1st, 2nd, 
and 3rd bending modes were 3.62, 12.44, and 31.48 kHz, 
respectively. The maximum vibration velocity reached 219 
mm/s at a driving frequency of 12.44 kHz. The Q factors 

of the aluminum-based vibrators were higher than those 
of the polymer-based vibrators. For comparison, the reso-
nance frequency, the Q factor, and the maximum vibra-
tion velocity of the 2nd bending mode are summarized 
in Table II. It is clear that the resonance frequency of 
the aluminum-based bimorph is three times that of the 
polymer-based ones, and the resonance frequencies of the 
PEEK- and PPS-based bimorphs exhibit little difference. 
The vibration velocities of the polymer-based bimorphs 
are larger than that of the aluminum-based bimorph. 
Among polymer-based bimorphs, the maximum vibration 
velocity of the PPS-based bimorph reaches 543 mm/s, 
which is larger than that of the others.

Fig. 6. Vibration velocity distribution of (a) PEEK-, (b) PPS-, (c) PPS/CF-, and (d) aluminum-based bimorph vibrators for the 1st, 2nd, and 3rd 
bending modes at the driving voltage of 60 V.

TABLE II. Vibration Performances of Polymer-Based and 
Aluminum-Based Bimorph Vibrators of the 2nd Bending Mode.

Elastomer
Resonance 

frequency (kHz) Q factor
Maximum vibration 

velocity (mm/s)

PEEK 4.50 47 363
PPS 4.13 90 543
PPS/CF 5.79 75 250
Aluminum 12.44 389 219
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E. Discussion

To discuss the relationship between the performance 
(resonance frequency and vibration velocity) and the me-
chanical parameters, an electrical equivalent circuit model 
shown in Fig. 7 is introduced [3], [5], [21]. Coefficient A 
represents the transformation ratio from voltage V to 
driving force F, whereas m, k, and μ represent the equiva-
lent mass, bending stiffness, and mechanical resistance of 
the 2nd bending model, respectively. Vibration velocity 
v is simulated by the current in the circuit. Resonance 
frequency f is determined by the equivalent mass m and 
bending stiffness k:

 f
k
m=

1
2π . (3)

Bending stiffness k is closely related to elastic modulus 
E, whereas equivalent mass m is proportional to density ρ. 
Thus, the resonance frequency is proportional to a square 
root of the elastic modulus and inversely proportional to 
a square root of the density if the vibration mode is speci-
fied. According to [22], the resonance frequency of the 2nd 
bending mode of the clamped-free bimorph is given as

 f l
EI
S= ⋅









1
2

4 694 2

π ρ
.

, (4)

where l, I, and S represent the length, the area moment 
of inertia, and the cross-sectional area of the cantilever, 
respectively. Although the resonance frequency is deter-
mined by the ratio of the elastic modulus to the den-
sity, the lower resonance frequency of the polymer-based 
bimorph compared with the aluminum-based bimorph is 
mainly attributed to the lower elastic modulus. This is be-
cause the ratio of aluminum to PPS in the elastic modulus 
is much larger than that of the density. The PEEK- and 
PPS-based vibrators show little difference in their reso-
nance frequencies because their elastic moduli and densi-
ties are almost the same. According to (4), the effective 
elastic modulus of PPS/CF in the bending mode is lower 
than 21.2 GPa.

Next, we carry out an analysis of the relationship be-
tween the vibration velocity and the mechanical param-
eters. Based on the circuit shown in Fig. 7, under the 
resonant state, the vibration velocity is

 v
VA

= µ . (5)

In a mechanical resonance system, the mechanical resis-
tance μ can be expressed with the mechanical quality fac-
tor Q, the equivalent mass m, and the bending stiffness k 
of the vibrator [21]:

 µ =
⋅k m
Q . (6)

Substituting (6) into (5), we obtain

 v VA
Q
k m= ⋅
⋅

. (7)

Because the bending stiffness is related to the elastic mod-
ulus, and the equivalent mass is determined by the densi-
ty, vibration velocity v is proportional to the Q factor, and 
inversely proportional to the square root of the product 
of elastic modulus E and density ρ. First, let us compare 
the vibration velocity of the polymer-based vibrator with 
that of the aluminum-based vibrator. The polymer-based 
vibrators exhibit higher vibration velocities than the alu-
minum vibrator as summarized in Table II. This is attrib-
uted mainly to the extremely low elastic modulus of the 
polymers compared with that of the aluminum. Second, 
the difference in the vibration velocities of the PEEK- and 
the PPS-based vibrators mainly originates in the differ-
ence in the Q factors because the elastic moduli and densi-
ties are almost the same.

To summarize, we draw the following conclusions for 
the bimorph vibrators made of different materials under 
certain dimensions:

 1) Resonance frequency of the polymer-based bimorph 
is lower than the aluminum-based one with the same 
dimensions because of a lower elastic modulus.

 2) Vibration velocity of the polymer-based bimorph is 
higher than that of the aluminum-based one because 
of a lower elastic modulus.

 3) PPS-based bimorph has a higher vibration velocity 
than other polymer-based ones because of its high Q 
factor.

III. Standing Wave USM With Two Orthogonal 
Bending Modes

A. Experimental System

The structure of the polymer-based USM for our ex-
periments is depicted in Fig. 8(a). Four pieces of piezo-
electric ceramic plates (10 mm × 6 mm × 0.5 mm) are 
bonded on the four surfaces of a rectangular bar made of 
polymer. The length and width of the bar are 44 mm and 
6.2 mm, respectively. The end has a disk shape of 8 mm in 

Fig. 7. Electrical equivalent circuit representing the vibration charac-
teristics of the 2nd bending mode. (a) The bimorph vibrator in the 2nd 
bending mode, (b) electrical equivalent circuit.
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diameter and 4 mm in thickness for contact with a rotor. 
The piezoelectric elements are grouped into two parallel 
pairs. Two orthogonal bending vibrations are excited with 
a 90-degree phase difference, with phased voltages applied 
to the two pairs of the piezoelectric ceramics. The free 
end of the bar shows an elliptical motion at the driving 
frequency. A rotor pressed on the free end is driven by the 
elliptical orbit, as illustrated in Fig. 8(b). The weights of 
the PEEK-, PPS-, and PPS/CF-based vibrators are 2.649, 
2.709, and 2.844 g, respectively. The rotor is composed of 
an acrylic sleeve and is supported with an aluminum bar 
via a ball bearing. The total weight of the rotor and the 
bar is 3.525 g. The experimental system depicted in Fig. 
9 is used to measure the mechanical characteristics of the 
motor. A high-speed camera (M5, Integrated Design Tools 
Inc., Tallahassee, FL, USA) is used to record the angular 
position of a marker pasted on the rotor. The angular 

velocity of the rotor is calculated from the pictures taken 
with the camera by counting the number of turns of the 
rotor and the time interval. A force gauge [ZP(Z2)-50N, 
Imada Co. Ltd., Toyohashi, Japan] is used to simultane-
ously measure the preload exerted between the vibrator 
side and the rotor. Output torque is measured by pulling 
up a weight.

B. Results

First, we measured the angular velocities of the rotor 
without load under different preloads. The driving fre-
quency was adjusted to obtain the maximum velocity as 
the preload was varied. The experimental results for the 
angular velocity and driving frequency are shown in Fig. 
10.

The angular velocities of the PPS- and PPS/CF-
based USMs were over 30 rad/s, and fell sharply after 
the preload exceeded 800 mN. The cutoff preload of the 
PPS-based USM was around 1800 mN, which was lower 
than that of the PPS/CF-based USM (2400 mN). The 
maximum angular velocity of the PEEK-based USM was 
around 20 rad/s and decreased to 0 with a preload of 
500 mN. The variations in the optimal driving frequency 

Fig. 8. Dimensions and principle of the polymer-based ultrasonic motor 
with rectangular bar shape. (a) Structure and dimensions of the vibra-
tor, (b) formation of the elliptical motion with the phase drive of two 
orthogonal vibrations.

Fig. 9. Experimental setup to evaluate the mechanical characteristics.

Fig. 10. Variation of angular velocities and optimal frequency of bimorphs as the preload increases.
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for the polymer-based USMs were smaller than 0.1 kHz 
before the USMs stopped. For the aluminum-based USM, 
angular velocity decreased from 11 to 5 rad/s when the 
preload was exerted to 2500 mN. Even though the driving 
frequency varied by more than 0.6 kHz, the rotor contin-
ued to rotate when the preload exceeded 2800 mN.

Next, we measured the mechanical characteristics of 
each USM under three different preload conditions. The 
experimental results are shown in Figs. 11, 12, and 13. 
The maximum angular velocity of the PPS-based USM 
was 36.9 rad/s for a preload of less than 310 mN. The ro-
tor stopped rotating when the torque reached 210 μNm, 
as shown in Fig. 11. For the PPS/CF-based USM, the 
maximum angular velocity was approximately 30.5 rad/s, 
and the maximum torque reached 248 μNm. The angular 
velocities dropped suddenly at a certain torque in both 
the PPS- and the PPS/CF-based USMs. This implies that 
the friction force was insufficient because of the light pre-
load. The aluminum-based USM also showed this feature; 
however, the maximum angular velocity was 12.5 rad/s, 
which was much lower than those of the PPS- and PPS/
CF-based USMs. Maximum torque was approximately 500 
μNm.

When the preload was increased to a medium range at 
around 770 mN, the maximum torques of the PPS-, PPS/

CF-, and aluminum-based USMs all doubled under a 310-
mN preload, as shown in Fig. 12, whereas the maximum 
angular velocities of the PPS- and PPS/CF-based USMs 
decreased to 34.1 and 30.3 rad/s, respectively. Mild drops 
in the velocity-torque characteristics were observed in the 
PPS- and PPS/CF-based USMs. Meanwhile, the PEEK-
based USM was stopped under this preload.

When heavy preloads of over 2300 mN were applied, 
the PPS- and PPS/CF-based USMs stopped, whereas the 
aluminum-based USM continued to rotate although the 
speed was low, as shown in Fig. 13. The maximum torque 
measured for the aluminum-based USM was over 1800 
μNm and a higher torque could also be loaded.

C. Discussion

To summarize our experimental results, there are the 
features of the polymer-based USMs: (1) polymer-based 
USMs have large angular velocities under light preload, 
(2) the maximum torque of a polymer-based USM is much 
lower than that of an aluminum-based USM because a 
large preload cannot be exerted on the polymer-based vi-
brator, and (3) among the tested materials, PPS is consid-
ered to be the suitable for vibrators of USMs under light 
preloads.

As discussed in previous studies [23], the rotation veloc-
ity of a USM is mainly determined by the vibration veloc-
ity of the stator. In the previous section, we explained the 
reason for high-vibration velocities in polymer vibrators. 
However, the rotation velocity of a polymer-based USM 
decreases rapidly as the preload increases. To consider this 
phenomenon, we measured the vibration velocities in the 
preloading direction (y-axis) and the tangential direction 
(z-axis) while the preload was increasing. Figs. 14 and 15 
show the velocity variations in the PPS and the alumi-
num-based vibrators.

As the preload increases to 1600 mN, the vibration ve-
locity along the z-axis decreases from 1000 to 200 mm/s, 
whereas the vibration velocity along the y-axis decreases 
from approximately 600 mm/s to 0. The variation in the 
resonance frequency is 0.05 kHz. By contrast, the vibra-
tion velocities of the aluminum-based vibrator in both di-

Fig. 11. Mechanical characteristics under a preload of less than 310 mN.

Fig. 12. Mechanical characteristics under a preload of around 770 mN. Fig. 13. Mechanical characteristics under a preload of 2440 mN.
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rections show little variation even with a large preload; 
however, the resonance frequencies of the vibrations in 
z-axis and y-axis are separating each other. The resonance 
frequencies along both z-axis and y-axis are the same 
without a preload, as summarized in Fig. 15. However, 
when the vibration velocity on the z-axis reaches its maxi-
mum value of 194 mm/s under a preload of 1.1 N, the 
velocity on the y-axis is only 10 mm/s. This implies that 
the orbit degenerates from an ellipse into a line, and mo-
tor operation becomes impossible. Although the driving 
frequency is set at 12.43 kHz, where the elliptical orbit can 
be maintained, the vibration velocity along the z-axis is 
insufficient to drive the rotor at this frequency. The shift 
in resonance frequency becomes larger and the angular 
velocity decreases further under a higher preload of 2.1 N.

In summary, for the polymer-based USM, the sharp 
decrease in the vibration velocity of the vibrator owing to 
increased preload leads to a decrease in the angular veloc-
ity of the rotor. For the aluminum-based USM, separation 
between the resonance frequencies of the vibrations in the 

preload direction and in the friction direction is the main 
cause of the decrease in the angular velocity of the rotor.

IV. Conclusions

To explore the feasibility of polymers in USMs, in this 
paper, PEEK, PPS, and PPS/CF were tested as vibra-
tors of USMs. The polymer-based USMs worked success-
fully in the same way as conventional metal-based USMs, 
and their performances were compared with that of the 
aluminum-based USM. From our experiments, we reached 
the following conclusions:

 1) Resonance frequencies of the polymer-based bi-
morphs are lower than that of the aluminum-based 
bimorph because of lower elastic modulus.

 2) Vibration velocity of the polymer-based bimorph is 
higher than that of the aluminum-based bimorph be-
cause of lower elastic modulus.

 3) The PPS-based bimorph has a higher vibration ve-
locity than the other polymer-based bimorphs be-
cause it has a higher Q factor than the other poly-
mers.

 4) Polymer-based USMs have large angular velocities 
under light preloads, and the maximum torque of 
the polymer-based USM is lower than that of the 
aluminum-based USM because a large preload can-
not be exerted on the polymer-based vibrator.

 5) PPS is a suitable polymer for vibrators under light 
preloads, considering its vibration amplitude and 
light weight.

 6) The sharp decrease in vibration velocity in the case 
of a polymer-based vibrator with a heavy preload 
leads to a decrease in angular velocity. Separation 
in the resonance frequencies of the vibrations in the 
preload direction and the friction direction in the 

Fig. 14. Variation in the vibration velocities on the y-axis and z-axis 
and the resonance frequency of the PPS-based vibrator as the preload 
increases.

Fig. 15. Vibration velocity variations of the aluminum-based vibrator under increasing preloads and motor operation.



wu et al.: ultrasonic motors with polymer-based vibrators 2177

aluminum-based USM is the main cause of a de-
crease in the angular velocity of the rotor.

From these conclusions, we have a rough understanding 
of the feature of the polymer-based vibrators and USMs. 
However, all of the experiments were carried out at fre-
quencies lower than the ultrasonic range. In the future, we 
will adjust the working frequency of the polymer-based 
motor to the ultrasonic range by decreasing its dimen-
sions. The wear conditions on the contacting surface and 
the appropriate materials for the rotor are also worth in-
vestigating in future studies.
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