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Abstract—Actuators remain a limiting factor in robotics, 
especially in microrobotics where the power density of actua-
tors is a problem. A 3 × 3 × 8.7 mm 3-axis piezoelectric ultra-
sonic micromotor system is described here in an effort to help 
solve this problem. Formed from 4 bulk lead zirconate titanate 
(PZT) thickness-polarized elements placed around the periph-
ery of a rectangular rod, the stator is designed to combine 
axial and flexural vibrations in a way that permits rotation 
of a hardened steel ball as a rotor about an arbitrary axis. A 
simple prototype of the micromotor was found to produce at 
least a rotation speed of 10.4 rad/s with 4 μN-m torque about 
all 3 orthogonal directions at an excitation frequency of about 
221 kHz, demonstrating the feasibility of a 3 degree-of-freedom 
millimeter-scale piezoelectric motor.

I. Introduction

This paper describes the design, analysis, construction, 
and testing of a 3 × 3 × 8.7 mm triple-axis piezoelec-

tric ultrasonic micromotor system producing triple degree-
of-freedom motion by flexural-axial coupled vibrations of 
4 thickness-poled piezoelectric elements. The study em-
ployed finite element analysis and accurate measurement 
methods to demonstrate the successful performance of a 
torsional micromotor capable of producing motion with 3 
degrees of freedom.

a common theme in microrobotics research in all its 
potential applications is the concern with the lack of ef-
fective actuators at small scales [1], [2]. although applica-
tions and proposed concepts of actuation in nano-scale 
technology are being explored, it should be noted that 
these do not often apply to the tasks in the micro- and 
millimeter-scale window. actuation in this range is gen-
erally best served through mechanical means. Many im-
portant applications lie within this range, for example, 
critical surgical procedures on various parts of the human 
body. Eye, brain, middle ear, and gastrointestinal surgical 
procedures are some of the applications that require very 
precise motion, dealing with objects in the millimeter to 
micrometer range, where compact and light micromotors 

are essential in delivering precise motion, sufficient torque, 
and robust performance.

although there are a variety of methods for performing 
actuation and certainly innovative research into new ma-
terials and methods, a technique that remains promising 
due to its flexibility, power density, and inherent brak-
ing among other features is the use of ultrasonic resonant 
excitation of flexible structures with piezoelectric mate-
rials—so-called ultrasonic motors. Piezoelectric materials 
have been used for some time to produce actuators [3]–[6]. 
Further, in contrast to many other technologies, the scal-
ing of both the piezoelectric materials and the actuators 
that use them to smaller scales is entirely feasible [7]–[11]. 
Electrostatics, in particular, has long been considered 
for actuation through the use of silicon microfabrication 
techniques [12], producing electrostatic micromotors of a 
few tens of micrometers [13]. However, as motors, these 
generate very low torque at high speed (on the order of 
10 pn-m and 10 000 rpm) [14], requiring reduction gears 
for most practical applications accompanied by the long-
known problem of friction and wear [15], especially rel-
evant at these scales.

Beyond the straightforward application of piezoelectric 
materials to form motors regardless of the size, research-
ers have used the flexibility inherent in ultrasonic actua-
tion to provide devices capable of rotating objects about 
3 orthogonal axes [16]—even for representing the human 
neck [17]. although small actuators have been formed to 
provide this kind of motion [7], the planar configuration 
is inconvenient for many microbotic applications, as is the 
high voltage (200 V) required to obtain motion.

In this paper, a piezoelectric micromotor is designed 
and developed to produce a triple-axis or multi-degree-
of-freedom (doF) micromotor. The paper is organized as 
follows. The fundamental configuration of the motor is 
analyzed in the next section, followed by impedance and 
vibration analysis to identify the location of the resonance 
modes, finishing with measurement of the performance of 
a motor prototype. It is finally shown that the resulting 
micromotor is capable of generating rotation about an ar-
bitrary axis.

II. concept and analysis

In prior work, a single-doF motor was created by us-
ing the in-plane shearing deformation of rectangular lead 
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zirconate titanate (PZT, c–203, Fuji ceramics co., ltd., 
Tokyo, Japan) elements [18]. replacing those with thick-
ness-polarized PZT elements, it becomes feasible to gen-
erate axial and flexural vibrations in a similar structure 
with the advantages of reduced-loss mounting described 
in the prior work. Four PZT plates, with the polarization 
facing outward, are attached on each of the 4 sides of a 
square cross-sectioned phosphor bronze rod with dimen-
sions defined as (x, x, L) as shown in Fig. 1. The metal 
stator is grounded, while the outer electrode faces of each 
piezoelectric element is individually wired to permit sepa-
rate excitation.

Three doFs in the rotation of the rotor are obtained 
through the combination of actuation of the PZT ele-
ments. axial vibration alone is produced by the in-phase 
actuation of either all 4 PZT elements or 2 on opposing 
sides of the beam at the axial resonance frequency using a 
sinusoidal input signal. Flexural vibration about the x-ax-
is, for example, may be obtained by providing a signal to 
the 2 PZT elements on the y faces of the stator with a 180° 
out-of-phase signal between them, and flexural vibration 
about the y axis may be obtained in a similar manner. 
These signals must be provided at a flexural resonance fre-
quency. If the axial and flexural resonance frequencies are 
suitably matched, it is then possible to induce elliptical 
motion at the contact interface (see Fig. 2) about any axis 

using different combinations of the phase and amplitude 
of these actuation signals, causing rotation of the rotor 
about an arbitrary axis.

specifically, rotation about the x and y axes is achieved 
as shown in Fig. 3(a) by combining the axial and flexural 
vibrations. a wobble motion, however, is required to ob-
tain rotation about the z-axis as illustrated in Fig. 3(b) 
with the superposition of 2 perpendicular flexural vibra-
tions. Takemura, et al., showed in their superb paper [16] 
that if these rotations may be generated in a multi-doF 
motor, they may be combined together to provide con-
trolled rotation about any axis.

adopting a simple approach for determining the axial 
and flexural resonance frequencies ωi and ωj, respectively, 
the homogeneous constant-cross-sectional area rod axial 
resonance and Kirchoff flexural resonance frequency equa-
tions
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Fig. 1. The (a) square cross section of the stator and (b) placement of 
the 4 PZT elements eventually leading to a (c) prototype complete with 
mount, wiring, and rotor.

Fig. 2. The overview of the micro motor: flexural motion produced by 
the appropriate actuation of the 4 PZT elements on the stator yields the 
rotation of the rotor about an arbitrary axis.

Fig. 3. The superposition of different vibration phenomena with appro-
priate phase differences between the vibration will deliver rotation of 
the rotor about (a) either the x or y-axis, using a combination of axial 
and flexural vibration in a plane perpendicular to the axis of rotation, 
or the (b) z-axis, using a combination of flexural vibrations in 2 differ-
ent planes.
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were used, where λj is the wavelength, E is the young’s 
modulus of motor material, ρ is the density of motor ma-
terial, I is the second moment of area, A is the cross-
section area of the motor body, and L is the length of the 
motor body.

Equating ωi and ωj, the approximate dimensions 
(x, x, L), where x is the width and height of the motor, to 
match these frequencies may be obtained from
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Using this basic equation as a guide, the geometry was 
modeled in ansys (ansys, canonsburg, Pa), complete 
with piezoelectric elements and mounting using modal 
and harmonic analysis. The results shown in Fig. 4 were 
obtained by adjusting the parameters, illustrating that 
with a certain configuration of dimensions, the axial and 
flexural frequency will converge to the same values. The 
parameters that could reasonably be changed were the tip 
diameter of the horn, the diameter of the stress relief hole, 
the length of the body, and the length of the horn, all rela-
tive to a base width x = 3 mm chosen for this study.

after the design iteration in ansys, the final dimen-
sions of the transducer were selected as shown in Fig. 
5. The diameter of the horn and stress relief hole and 
lengths of the body and horn were chosen to be 1, 1.5, 
4.7, and 4 mm, respectively. Phosphor bronze was chosen 
for the base and horn to keep the resonance frequencies 
of the system low. a copper stand with a 1-mm-diameter 
shaft was inserted into a centrally machined hole to serve 
as a vibration-isolated mount. The tip of the horn was 
machined with a v-shaped notch to balance and hold the 
spherical rotor in place.

III. dynamic Identification

To construct the micromotor, 4 PZT elements were 
bonded to the phosphor bronze transducer using epoxy 
(see Fig. 5) in a precision electro-discharge machining 
vise, forming the stator. The vibration modes and reso-
nance frequency measurements were carried out to obtain 
the dynamic response of the transducer through imped-
ance and laser doppler vibrometry (ldV). The resonance 
frequencies of the micro-motor and the associated mode 
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Fig. 4. remarkably, the (a) horn tip diameter, (b) stress relief hole diameter, (c) body length, and (d) horn length parameters all affect the funda-
mental axial and flexural resonance frequencies with a sufficient difference to permit selection of a matched axial-flexural resonance frequency. The 
diameter of the horn and stress relief hole, and the lengths of the body and horn were 1, 1.5, 4.7, and 4 mm, respectively, for the plots shown above, 
although in the analysis, the trends shown here were similar for a much wider range of the parameters (within a geometrically acceptable range), 
suggesting the basis is convex.
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shapes were determined through the combined use of an 
impedance analyzer (4294a, agilent, santa clara ca), 
and a scanning laser doppler vibrometer system (Msa-
400, Polytec, Waldbrönn, germany). The impedance ana-
lyzer was used to measure the resonance frequency of the 
transducer while the ldV scans were used to obtain the 
profile of the transducer vibration modes.

Using the impedance analyzer, the axial resonance fre-
quencies were determined by connecting all piezoelectric 
elements together on the positive input while connecting 
the stator to ground—a prominent axial resonance was 
found at 220.7 kHz, as shown in Fig. 6. similarly, flexural 
resonance frequencies were obtained by connecting the 
pair of PZT elements along either the x-axis or y-axis, one 
to the positive input and the other to ground, and leaving 
the other 2 elements and the stator disconnected—with 
this configuration a prominent flexural resonance frequen-
cy was found at 221.3 kHz (Fig. 7).

The ldV was used to determine the axial and flex-
ural vibration modes and frequencies between 100 and 
400 kHz. To obtain the profile of the axial vibration, the 
instantaneous velocity of the tip in the direction of z-axis 
was measured along the diameter of the tip; see Fig. 8(a) 
(diameter = 1.8 mm). Fig. 9(a) illustrates the axial vi-
bration mode (instantaneous velocity profile) induced by 
driving a pair of piezoelectric elements on the ±x faces of 
the stator in phase. For flexural vibration, the instanta-
neous velocity of the stator in the direction of x or y-axis 

was measured along the length of the stator; see Fig. 8(b) 
(stator length = 8.5 mm). Fig. 9(b) illustrates the flex-
ural vibration mode induced by driving the same pair of 
piezoelectric elements on the ±x faces of the stator 180° 
out of phase. The remaining 2 piezoelectric elements were 
grounded. In the latter plot, the vibration amplitude is en-
hanced by the horn, roughly doubling the vibration veloc-
ity from 0.7 μm/s at the lower end of the base to 1.2 μm/s 
at the horn tip.

Peaks in the vibration amplitude signals correspond to 
electromechanical resonance frequencies of the transducers. 
axial resonance frequencies were observed at 129.7, 188.1, 
and 198.5 kHz, and 210.3, 221.4, 268.3, and 397.7 kHz. 
Flexural resonance frequencies were found at 114.0, 
121.0, 215.9, and 219.5 kHz, and 238.3, 264.2, 274.4, and 
307.3 kHz. of these, the strongest peak was observed for 
a fixed input voltage at a frequency of 221.4 kHz for axial 
vibration and 219.5 kHz for flexural vibration. These reso-
nances are consistent with the measured electrical reso-
nance frequencies from the impedance in Fig. 7, indicating 
the electromechanical coupling for these modes is superior 
to others in the system. It is important to note the rotor is 
not present for the measurement. Inclusion of the unmod-
eled rotor mass is known to influence the axial resonance 
frequency more than the torsional resonance frequency in 
hybrid torsional transducer devices [19]. However, in our 
case, no torsional element is involved, and all 4 PZT ele-
ments directly actuate the stator in parallel. The effect of 
the rotor mass could be expected to be equally significant 
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Fig. 5. The final design: 3 × 3 × 8.7 mm with a tapered v-notch in 
the tip and 4 PZT elements (each with dimensions of 5 × 3 × 0.5 mm 
thick).

Fig. 6. Impedance spectrum with the connections configured for axial 
vibration.

Fig. 7. Impedance analysis with the connections configured for flexural 
vibration.

Fig. 8. laser doppler vibrometry measurements were performed along 
(a) the diameter of the tip for axial vibration profile and (b) the length 
of the stator for flexural vibration profile.
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for both the flexural and axial modes. Furthermore, the 
system dynamics as contributed by the stiffness of the sta-
tor is significantly larger than that by the mass and inertia 
of the rotor.

In summary, the results of the dynamics identification 
experiment validate the design analysis as presented in 
section II to produce an actuator design with matched 
axial and flexural frequencies.

IV. Micromotor Performance

The actuator’s characteristics were measured using the 
experimental setup shown in Fig. 10. The transducer and 
its mount were placed vertically on a thin brass plate, 
and a 11.2-mm-diameter, 6.877-g, hardened steel ball was 
set on the tip of the transducer. Because the ball is much 
larger than the tip, the 18° bevel angle of the tip is larger 
than the 7.8° subtended angle of contact between the ball 
and tip, and so the ball and tip contacted along a narrow 
ring around the outer diameter of the tip. By placing the 
setup on an electronic scale, taring the scale, and then 
placing the ball on the transducer, the applied preload due 
to the apparent weight of the ball could be determined.

Through the use of a strong rare-earth magnet as shown 
in the figure, the weight of the ball on the transducer, and 
thus the contact preload, could be easily changed [18]. 
Because the transducer and scale platter were phosphor 
bronze and aluminum, respectively, the effect of the mag-
net on the stationary portion of the motor was negligible. 
However, the attractive force is proportional to the fourth 
power of the distance between the ball and the magnet, 
and so care is necessary to accurately manipulate the 
ball’s weight on the transducer tip.

a high speed camera (ispeed, olympus, Tokyo, Japan) 
was used to capture video of the rotation of the ball rotor. 
Particle tracking software (diatrack, semasopht Inc., cha-
vannes, switzerland) was then used to track the motion 
by determining the number of pixels high-contrast points 
in the image moved between each frame of the video . 

The software computes the velocity of tracked objects in 
the video based on this information, and by rejecting all 
points in the image frame save for those within a 0.5 mm 
radius about the center of the ball in the image, parallax 
effects due to the curvature of the ball were minimized. 
over time, the rotation of the ball accelerates to the maxi-
mum or no-load speed after applying an input voltage, 
and once the voltage is removed, the ball slows to a stop—
the entire velocity curve was measured at least 3 times. 
a method developed by nakamura, et al. [20] was used to 
determine the torque-speed relationship and efficiency of 
operation from the acceleration of the ball and the coef-
ficient of friction from the deceleration of the ball. The 
results of the experiments are shown in Figs. 11 to 14.

Fig. 11 illustrates a typical step response of the mo-
tor from the image data after postprocessing with the 
diatrack software. By applying 2 input voltages to only 
2 adjacent piezoelectric elements, 90° out of phase with 
respect to each other—the +x face and the +y face, for 
example—and grounding the stator base along with the 
other 2 sides—the −x face and the −y face—the ball rotor 
spun about the z-axis due to a superposition of 2 flexural 
vibrations about the y and x axes, respectively with a 90° 
phase difference. Inverting the phase difference reverses 
the direction of rotation. rotation about the x axis was 
achieved by applying an in-phase signal to the piezoelec-
tric elements on the +y and −y faces and a second signal 
to the piezoelectric element on either the +x or −x face; 
the second signal is 90° out of phase with the first. as 
before, the remaining, undriven piezoelectric element and 
the stator base were grounded. In this way, only 2 input 
signals were necessary to drive the motor, similar to most 
traveling-wave ultrasonic motors and fewer than required 
with other multi-doF motors. It can therefore be summa-
rized that all 3 degrees of freedom in a rotational motion 
can be achieved by appropriate variations (and phase dif-
ferences) of actuation signals among the 4 PZT elements.

changing the input voltage in the voltage-controlled 
drive of our experimental setup changes the input power 
with the square of the input voltage and similarly moves 
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Fig. 9. While exciting axial vibrations, the (a) z-axis-oriented vibration velocity of points across the tip of the stator along the x-axis is fairly constant; 
see Fig. 8(a). In contrast, while exciting flexural vibrations, the (b) x-axis-oriented vibration velocity of points along the side of the stator down the 
z-axis is amplified by the horn; see Fig. 8(b).

Authorized licensed use limited to: Monash University. Downloaded on August 14, 2009 at 02:49 from IEEE Xplore.  Restrictions apply. 

http://dx.doi.org/10.1109/TUFFC.2009.1236/mm1


the torque-speed curve toward the upper right as the volt-
age is increased in Fig. 12 at 67.46 mn preload for the 
z and y axes—without loss of generality, the latter re-
sults also apply to rotation about the x axis. Indeed, the 
maximum output power of the motor, 1/4 max Ω0 max T, 
generally increases with the square of the applied voltage. 
However, there is some variability in the maximum torque 
or speed about either the z axis and the x axis, although 
the overall output power is not affected. The applied volt-
ages 29.2 and 34.2 V for Fig. 12(a), and the applied volt-
age of 50 V in Fig. 12(b) are examples; these results were 
repeatable, and the reason for them would possibly be the 
different sensitivities of the axial and flexural modes to 
the input signal. Flexural and axial vibration is generated 
regardless of the desired rotation axis, and these vibration 
modes increase at different amplitudes as the voltage is 
increased on the device. The motion formed at the contact 
interface varies as a consequence, thereby affecting the 
maximum torque and maximum speed while not affecting 
the overall output power. one might expect a nonlinear 
shift in these values with increasing voltage because axial 
motion is generated at the contact interface as a conse-
quence of simple flexural vibration through shear in bend-

ing; this form of axial motion appears whether the motor 
is operated with rotation about the z or y axis.

all torque-speed curves in these plots are linear as a 
consequence of the model [20], a sometimes controversial 
result. However, this motor presents rotation behavior al-
most exactly defined by the exponential acceleration curve 
espoused by nakamura, et al., as illustrated in Fig. 11. The 
use of the model is therefore justified for this particular 
motor system. With the linear portion of the rotor’s de-
celeration after shutting off the applied signal to the mo-
tor, the coefficient of friction was found to be 0.28 ±0.04 
throughout, regardless of the preload or applied voltage.

Fig. 13 shows the rotational speed about the z-axis as a 
function of the torque for different preloads for input volt-
ages of 29.2 and 45.2 V. The preloads are in the range of 
56.68 to 67.46 mn. The maximum no-load speed for each 
case is 10.41 and 9.14 rad/s, respectively, occurring at the 
lowest preload for both cases (56.87 and 61.38 mn respec-
tively). as the preload increases, the maximum speed first 
decreases dramatically to 3.28 and 6.14 rad/s, followed by 
a gradual increase to 7.14 and 8.48 rad/s, respectively. a 
similar situation occurs for the torque as it first decreases 
to a minimum, followed by a gradual increase as the pre-
load is increased. The rapid decrease in rotational speed 
as the preload is increased from lower to higher values is 
typical of ultrasonic motors with insufficient preloads due 
to a transition from period-2 and higher-order, chaotic 
contact interactions to a purely periodic contact behavior 
[21] in an extraordinarily complex process. The motor be-
havior at preloads of 63.74 mn and greater in Fig. 13(a) 
and 62.26 mn and greater in Fig. 13(b) are representative 
of a “properly” preloaded motor.

Fig. 14 illustrates the torque-speed curve for rotation 
about the y axis. The performance about the horizontal 
axes is inferior to the response about the z axis. as the 
preload increases, there was a consistent increase in maxi-

1721khoo et al.: ultrasonic micromotor via flexural-axial coupled vibration

Fig. 10. (a) schematic and (b) image of the experimental setup for mea-
suring the performance of the motor.

Fig. 11. a typical step response of the motor about the z-axis at 
221.0 kHz and at 67.46 mn preload; the rotation behavior about the 
y- and x-axes are similar.
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Fig. 12. Motor’s rotation characteristics versus applied voltage at 221.0 kHz for the (a) z-axis and (b) y-axis with a 67.46 mn preload.

Fig. 13. The rotation characteristics about the z-axis at 221.0 kHz (a) at 29.2 V input and (b) at 45.2 V input under different preload conditions.

Fig. 14. The rotation performance about the y-axis at 221.0 kHz for (a) 27.2 V input and (b) 35 V input while the preload is varied from 60 to 
68 mn.
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mum speed and maximum torque. For example, at 27.6 V 
input voltage and 67.46 mn preload, the maximum no-
load speed and torque about the y axis is 1.756 rad/s and 
0.87 μnm while it is 2.48 rad/s and 1.22 μnm about the 
z axis. curiously, the decreasing rotational speed phenom-
ena at relatively low preloads seen in rotation about the 
z axis does not appear here. The reason is the preload is 
already beyond the transition to periodic contact behavior 
at the interface at the lowest value of preload used in these 
results. The difference between the transition values of the 
preload between the 2 cases is caused by the change from 
a stator vibration displacement ellipse oriented along the 
plane of contact in z-axis rotation (as a wobble motor) to 
a vibration ellipse transverse to the plane of contact in y-
axis rotation. The rotor’s mass is more of a factor in the 
latter arrangement, because the transverse component of 
the displacement of the stator is directly imparting an ac-
celeration on the rotor in this case.

V. conclusions

a multi-doF micromotor has successfully been de-
signed and prototyped using bulk PZT materials to 
drive combined flexural and axial vibrations within a 
3.5 × 3.5 × 9 mm square-sided structure with tapered 
horn, providing at least 2.5 rad/s and 1 μnm at a mini-
mum about each of the 3 axes with operating voltages 
of 30 to 70 V. Fundamental and bidirectional rotation 
behavior about the x, y, and z axes that may be superim-
posed as amply described elsewhere [16] was driven using 
only 2 input signals switched among the piezoelectric ele-
ments. The rotation of the rotor about the x and z axes is 
provided in the multimedia content online. The 2 signals 
were used with specific phase differences to obtain ellipti-
cal vibration about each axis at the stator tip and there-
fore rotation behavior about those same axes.
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