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A piezoelectric Pb�Mg1/3Nb2/3�O3-PbTiO3 single crystal traveling wave rotary motor operated in a
stepping motion for cryogenic actuations was developed and characterized. This single crystal
stepping motor had a torque of �1.5 kg cm, an excess of 1800 steps per revolution about its axis,
and a power consumption of �2 W by using a step motion with 25% duty cycle. We then show that
this single crystal motor can successfully operate at 77 K �liquid nitrogen� under a load. © 2008
American Institute of Physics. �DOI: 10.1063/1.2908963�

Cryogenic motors with a large torque, high stepping
resolution, and low power consumption are desired for
cryogenic actuation applications, including cryogenic pas-
sive optics; adaptive structure drives for shape, position,
and force controls in spaceborne and airborne platforms; tun-
able cryogenic microwave devices; and other cryogenic sci-
entific instruments.1–5 Current generations of piezoelectric
Pb�Zr,Ti�O3 �PZT� based ultrasonic step motors/actuators
have high thrust to weight ratios, have high stepping
or position resolutions, have no parasitic magnetic fields,
and have frictional locking in the power-off state6–10 but
have limitations for operation at cryogenic temperatures.
Giant magnetostrictive actuators with superconducting
coils work well at low temperatures of �77 K but are
difficult to drive and do not have as much displacement
as at room temperature.11 Piezoelectric single crystals,
such as Pb�Mg1/3Nb2/3�O3-PbTiO3 �PMN-PT� or
Pb�Zn1/3Nb2/3�O3-PbTiO3, exhibit three to five times the
strain of conventional piezoelectric PZT ceramics at room
temperature. Even at an extremely low temperature of 30 K,
the piezoelectric performances �piezoelectric constants d33
and d31� of the single crystals are still high as compared to
room-temperature PZT ceramics.12 Accordingly, they are
good candidates for cryogenic ultrasonic motor driving ele-
ments. Recently, some piezoelectric single crystal based mo-
tors have been developed.13,14 In a prior report,14 we devel-
oped a PMN-PT single crystal linear-type motor, which had a
large driving force of 200 gf and a high resolution of 20 nm,
which was also successfully operated at liquid-nitrogen tem-
peratures �77 K�. Here, we will report on a single crystal
rotary-type step motor that has a large torque output and a
high step resolution with a low profile and light weight, aim-
ing at cryogenic applications.

Our piezoelectric single crystal motor was made of nine
PMN-PT single crystal isosceles trapezoids, which were
bonded on a titanium-alloy ring and operated on a nine
wavelengths �9�� flexure traveling wave principle.15 We
used a Ti-alloy stator element because of its high strength,
low weight, and consistent performance at lower tempera-

tures. Each PMN-PT trapezoid was poled in the thickness
direction and operated in a d31 mode. The assembled PMN-
PT/Ti-alloy composite ring was a 9� unimorph configuration
that formed a 9� bending mode, and therefore, a 9� traveling
wave could be excited under one pair of sine wave and co-
sine wave signals �i.e., a codrive�. This traveling wave drove
a rotor to which it was contacted via frictional forces. Fig-
ures 1�a� and 1�b� illustrate the configurations and the mea-
sured impedance spectrum of the PMN-PT/Ti-alloy traveling
wave motor �using a Precision impedance analyzer, Agilent
4294A�, respectively. The mass of the assembled single crys-
tal motor was less than 200 g.

By considering one � /2 unimorph from the PMN-PT/Ti-
alloy composite ring, the first bending mode resonance fre-
quency �i.e., 9� bending mode frequency� can be approxi-
mated as

f0 =
�d�1

2

4�3l
�̄ , �1�

where �1 is a constant, d and l are the total thickness and
mean length of the � /2 arc segment in the stator ring, and v̄
is the mean acoustic velocity of the composite segment,
which is given by16

�̄2 = �nmYm + npYp�/�̄, �̄ = ��php + �mhm�/�hp + hm� , �2�

where nm is the thickness ratio of the metal plate to the
composite one, np is the thickness ratio for the piezoelectric
plate, hm and hp are the thicknesses of the metal and piezo-
electric plates, respectively, and �m, �p, and �̄ are the mass
densities for the metal, piezoelectric, and composite plates,
respectively. Please note that there is an unstrained face �i.e.,
neutral face� in the composite ring stator, where the stator
can be held with a minimum traveling wave energy loss. The
following relationship gives the neutral face position of the
composite ring stator:

tn =
Y2hm

2 + Y1hp
2 + 2Y1hmhp

2�Y2hm + Y1hp�
, Y1 =

Yp

1 − �p
2 ,

Y2 =
Ym

1 − �m
2 . �3�
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By following conditions �1�–�3�, using material param-
eters �Yp=12	109 Pa, vp=0.3, �p=8040 kg /m3, Ym=108
	109 Pa, vm=0.361, �p=4500 kg /m3�, supposing that the
outer and inner diameters of the composite stator ring are
Dout=60 mm and Din=45 mm, assuming a resonance fre-
quency for the stator of 40 kHz, assuming that the thickness
of the PMN-PT trapezoid is 0.5 mm and that the mean length

of one � /2 unimorph is l=�R̄ /9 �where R̄= �Dout+Din� /4�,
and neglecting teeth effects, we can find that the Ti-alloy
ring’s thickness is 2.03 mm and that the neutral face is near
the middle face of the Ti-alloy ring at 1.02 mm.

First, we analyzed the impedance spectrum of the as-
sembled PMN-PT/Ti-alloy composite stator, as shown in Fig.
1�a�. Three resonance peaks were observed: the middle peak
at f =44 kHz corresponds to the ninth order bending mode of
the ring stator, whereas the first and third peaks correspond
to the lower- and higher-order bending modes. Compared to
a PZT-ceramic/brass-alloy ring stator �Fukoku Shinsei ultra-
sonic motor, USR60, Japan�, the PMN-PT/Ti-alloy stator had
a four to five times wider resonance peak with a three times
lower impedance due to its relatively lower mechanical qual-
ity factor Qm. From this spectrum, we can expect that our
PMN-PT motor can work at lower working voltages over a
wider frequency range compared to a PZT-ceramic/brass ring
stator. This feature is important for practical applications, in
particular, when working under cryogenic circumstances.

Next, we measured our single crystal motor’s torque
speed and power output performances after the composite
stator was installed on the base of the motor, as illustrated in
Fig. 1. Figure 2�a� shows the torque-speed relationship,
which was measured by a weight method. The maximum
torque output under a 100 Vpp drive was about 1.5 kg cm,
whereas the maximum rotary speed without a load under the
same drive voltage was 60 rpm. The corresponding maxi-

mum power output and efficiency of the motor are 0.45 W
and 6% �from the motor itself� at a torque 
=1 kg cm, re-
spectively. Note that the efficiency of the PZT-ceramic/brass-
alloy ring-type motor under the same operation condition is
also low ��8% �. The efficiency is strongly related to the
interface and contact pressures between the stator and
rotor of a piezoelectric motor due to a frictional driving
mechanism.6,7 The higher efficiency up to 40% might be
achieved under a smaller contact pressure and perfect inter-
face, but it usually results in a lower torque but a much
higher speed output. As a step motor, the torque, step angular
resolution, and response speed are more important issues. We
then measured the step motion and response time of the
PMN-PT motor with an optical-fiber sensor �MTI2000
Fotonic Sensor� and a digital oscilloscope. Figure 2�b� shows
the detected stepping displacement of the PMN-PT motor on
driving a stage via a screw. By adjusting the impulse width
of a control signal, the stepping angle of the PMN-PT motor
was precisely controlled. For an impulse width of 1.2 ms, the
minimum step displacement was �0.1 �m, which corre-
sponds to a minimum rotational angle of 0.072°/step. These
results clearly show that our PMN-PT motor has an ex-
tremely high step angle resolution. Figure 2�c� shows the
PMN-PT motor’s displacement response on applying a pair
of drive signals. Again, a very fast response time of �3.6 ms
was observed. In addition, we measured the power consump-
tion operated in a step motion using a 25% duty cycle: it was
as low as 2 W. However, when the same motor was operated
in a continual state, the power consumption was �8 W. By
considering that actuators mostly operate in a step motion,
these results demonstrate that our PMN-PT motors have a
potential for low power consumption.

Finally, we measured the PMN-PT motor’s cryogenic
performances. We fixed the PMN-PT motor on a base that

FIG. 1. �Color online� PMN-PT single crystal/Ti-alloy
9� traveling wave motor: �a� PMN-PT/Ti-alloy stator
and its impedance spectrum and �b� motor
configuration.

153504-2 Dong et al. Appl. Phys. Lett. 92, 153504 �2008�

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

128.173.125.76 On: Wed, 15 Jan 2014 17:24:33



was placed in a cryogenic chamber. A thermal couple was
placed at the bottom of the motor in order to monitor its

temperature. A scale disk was placed on top of the motor and
a needle was fixed on the motor’s output axis, which could
be used to indicate the motor’s motional direction. The mea-
surement system was then cooled by liquid nitrogen to
�−200 °C. The results demonstrated that our PMN-PT mo-
tor worked well at liquid-nitrogen temperatures even when a
load of 300 g was placed on its output axis. We believe that
these results demonstrate the potential of our PMN-PT/Ti
alloy as a precise and low-profile cryogenic actuator. This
device could have important applications in cryogenic mi-
croscopy and micropositioning, deployable space structures,
and optic platforms.

In summary, a piezoelectric single crystal PMN-PT/Ti-
alloy traveling wave ultrasonic motor has been developed.
The maximum torque output was �1.5 kg cm, the minimum
step resolution was �0.072°/step, and the power consump-
tion at a 25% duty cycle was �2 W. This motor successfully
operated in a liquid-nitrogen environment of 77 K under a
load. The findings demonstrate that PMN-PT single crystal
motors have a significant torque improvement, relative to
PZT ones, under relatively low voltages.

This project is sponsored by NASA under Grant No.
NNL07AA94P.
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FIG. 2. �Color online� PMN-PT/Ti-alloy traveling wave motor perfor-
mances at room temperature: �a� measured speed-torque and power output
relationship, �b� step responses, and �c� time response.
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