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A Single-Element Tuning Fork Piezoelectric

Linear Actuator
James R. Friend, Member, IEEE, Jun Satonobu, Kentaro Nakamura, Sadayuki Ucha, and Daniel S. Stutts

Abstract—This paper describes the design of a piezo-
electric tuning-fork, dual-mode motor. The motor uses a
single multilayer piezoelectric element in combination with
tuning fork and shearing motion to form an actuator us-
ing a single drive signal. Finite-element analysis was used
in the design of the motor, and the process is described
along with the selection of the device’s materials and its
performance. Swaging was used to mount the multilayer
piezoelectric element within the stator. Prototypes of the
25-mm long bidirectional actuater achieved a maximum lin-
ear no-lead speed of 16.5 ecm/s, a maximum linear force of
1.86 N, and maximum efficiency of 18.9%.

1. INTRODUCTION

IEZOELECTRIC motor systems exploit the transduction
P phenomenon from electrical energy input to mechani-
cal energy output within piezoclectric materials. The solid-
state construction possible with such devices, coupled with
their peculiar advantages over standard elcctromagnetic
motors, Is constrained by their sensitivity to heat, rela-
tively low efficiency, and short operating life [1]. However,
inroads arc being made on these problems, and commer-
cially useful actuators are becoming more common. This
paper, a small step in this process, details the design, con-
struction, and testing of a small single-piezoclectric ele-
ment linear actuator for low-voltage applications.

Some piezoclectric motor systems have been commer-
cially successful due to their extraordinarily high torque;
Toshiiku Sashida’s Shinsei (Shinsei Corporation, Tokyo,
Japan) motor [2], [3] is an excellent example. Others have
been successful because they are extremely tiny; Seiko’s
(Seiko Epson Corporation, Tokyo, Japan) 8 mm motor [4],
[5] is used in watches to turn an eccentric disk to act as
a stlent alarm. More recent linear motor designs are ex-
tremely powerful and demonstrate the extraordinary slid-
ing forces possible using large piezoelectric actuators [6],
(7). 5till others are successful because the motion they de-
velop is linear, extremely precise, or both.
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Uchinoe and Ohnishi [8] and their associates at ALPS
Corporation, Niigata, Japan, developed small linear mo-
tors using either one or two multilayer piezoelectric actu-
ators (MLPA). In one version [8], an MLPA was placed
horizontally in between the top arms of an H-structure.
The bottom arms of the H-structure acted against a slider,
and each arm possessed a different resonance frequency.
The direction of the slider was controlled by changing the
frequency of excitation from the rescnance frequency of
the left leg to the resonance frequency of the right leg. In
a similar vein, an inverted U-shaped structure was used
with the MLPA placed between the legs. But the MLPA
remained parallel with the sliding surface, and the differ-
ent resonance frequencies of the legs were exploited to ob-
tain sliding motion. With these designs, one of the two
legs was pulled, essentially statically, behind the structure
as it moved against the slider, and the placement of the
MLPA parallel to the sliding surface prevented generation
of significant motion perpendicular to the sliding surface.

In another version [8], [10], cither one or two MLPAs
were used to excite elliptical motion aleng the cutput end
of a simple I-shaped beam, with the MLPAs placed at an
angle at the top of the beam. The output, at the bottom
of the beam, was used by placing the beam perpendicular
to the slider. For the single-MLPA version, the direction of
motion was changed by changing the excitation frequency
over several tens of kilohertz. For the double-MLPA ver-
sion, the direction of motion was reversed by reversing
the A/4 temporal phase difference of excitation between
the two MLPAs. Another double-MLPA version used a so-
called Il-shaped structure, with two MLPAs placed at an
angle at the top corners of the structure. The slider was
placed against the bottom legs of the structure. In each of
these designs, one end of the MLPA remains unattached;
the deformation of the MLPA at that end during vibration
is not used in the operation of the actuators and, therefore,
does not make full use of the MLPAs deformation.

The device described herein is a small tuning-fork-
shaped linear actuator designed to address some of the
shortcomings of the Alps motors, using, to the knowledge
of the authors, previously unpublished construction tech-
niques. Inherent in its design is the use of a single MLPA
enclosed in the structure, placed at an angle with respect
to the sliding surface. As a result, both ends of the MLPA
are used to excite motion not only along the sliding surface,
but also perpendicular to it, cnhancing the contact forces
between the actuator and slider. Furthermore, the design
of the actuator is tailored to match the resonance frequen-
cies of the forks, enabling both forks to participate in the

0885-3010/$10.00 © 2003 IEEE
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Fig. 1. The tuning fork actuator concept.
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Fig. 2. Generating diagonal motion along the stator forks.

operation of the actuator in both directions. By mount-
ing the MLPA in the actuator, it may be compressively
prestressed, enhancing the MLPA’s longevity [11].

When operated at its design frequencies, the actuator
uses a relatively low voltage, roughly 5 Vgasg. This fea-
ture serves as an advantage in high-altitude, spacecraft, or
Martian atmospheres in which ionization of the gas sur-
rounding the actuator could permit arcing even at modest
voltages [12}, and that advantage is one of the reasons for
pursuing this study.

11. DESIGN

The tuning fork device retains the traditional arrange-
ment of a piezoelectric actuator: piezoclectric material ex-
citing ultrasonic vibration in a metal stator to move a sur-
face in contact, the slider, (Fig. 1). By placing the piczo-
clectric material at an angle, #, simple tuning-fork mo-
tions married with fork-lifting motions, as shown in Fig. 2,
can generate diagonal motion along the contact interface.
This motion then can be used to move the slider. When
the stack angle, 8, is zero, the mode shapes of the stator
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Fig. 3. The resonance frequencics of the two fundamental tuning-
fork/lifting modes versus MLPA angle, ¢, denoted 1st and 2nd.

Fig. 4. Compensating for the asymmetry in the stator, Finite element
analysis results of the first two tuning/lifting fork modes (a) with
no compensation, (b} with grinding of the top fork (1.5 mm) and
bottom of the ring section (2 mm). Note the addition of the web in
the structure and the asymmetric motion of the forks in the original
configuration. The shading indicates displacement in the y-direction.

that can be driven by the PZT are all tuning fork motions,
However, once the PAT is turned, each of these modes sep-
arate into two different modes because of the introduction
of asymmetry in the stator. Because the PZT is turned,
the top fork is longer, causing its resonance to occur at
a lower frequency than the bottom fork. For example, the
fundamental tuning-fork mode in this case separates into a
motion dominated by the top fork, followed by motion ap-
pearing mostly in the lower fork, at a higher frequency. The
separation in frequency of the two modes that arise from
the fundamental tuning-fork mode is shown in Fig. 3. For
8 = 25°, the asymmetric motion is illustrated in Fig. 4(a).
Coincidentally, a 1-mm thick web was placed across the
forks to increase the resonance frequencies of all the modes
above the audible range; the data reported was caleulated
from a stator with the web. In these fignres, the two modes
are referred to as the first and second fundamental tuning
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fork/lifting modes. Note the first mode has motion mostly
in the top leg, and the second mode’s motion is within the
bottom leg, with a frequency separation between them of
about 5 kHz. The frequency separation needs to be re-
duced to cause a more balanced response among the two
legs.

Early in the design process, the values of the param-
eters nsed to define the stator’s geometry were changed
in an attempt to bring these two mode shapes’ resonance
frequencies closer together, as shown in Fig. 5. But this
was not possible because the asymmetry of the stator re-
mained. However, by grinding away part of the bottom
of the ring and the top side of the top fork, the asym-
metry was compensated. The grinding along the bottom
ring lowered its stiffness and, therefore, its resonance fre-
quency; grinding the top fork near its end lowered its mass
and, therefore, raised its resonance frequency.

By making these changes, the forks’ displacernent mag-
nitude moved much closer together. The ratio of maxi-
mum displacement of the tip of the top fork to the tip of
the bottom fork in the y-direction was originally 2.02 at
22.7 klz and 5.8 at 27.1 kHz in Fig. 4{a}, but became 1.58
at 24.1 kHz and 1 at 25.9 kHz, respectively.

Also important, however, is generating bidirectional
motion. Though there are several ways to achieve this,
the simplest method is first to align the modes as much
as possible, then use a second or higher harmonic of the
paired fundamental tuning-fork/lifting modes. This way,
the phase between the tuning -fork motion and the lifting
motion explicitly depends on the mode shape throughout
the resonance peak. In Fig. 4 the phasing of the legs at
24.12 kHz is not useful for motion—the legs move together
and apart at the same time. At 25.95 kHz, the maotion is
better, with the forks moving in the same direction and
with a strong lifting motion, generating diagonal motion
with a ratio of maxitnum z-to-y displacement of 0.72 for
the top fork and 0.55 for the bottom fork, as calculated
in ANSYS. Several modes between 20 and 75 kHz are il-
lustrated in Fig. 6. Some of these modes have synchro-
nized tuning-fork motion and large fork-lifting motions,
and thus may be useful for generating sliding. The mode
shape at 25.95 kHz, discussed before, is such a mode, as
are the modes as 52.01 and 58.58 kHz. Others, including
the mode at 44.07 kHz, have out-of-plane motion or have
motion someplace other than the fork tips. The mode at
74.72 kHz has significant fork motion, but it also has large
displacements within the ring part of the stator.

The direction of motion is controlled by the orienta-
tion of the diagonal motion generated at the fork tips, as
shown in Fig. 2. If the diagonal motion is oriented upward
as the forks approach the slider, they will move the slider
upward. The difference in the normal force, and therefore
the sliding force, as the forks move toward and away from
the slider make this motion possible. To change the direc-
tion of sliding motion, the orientation of the diagonal fork
motion must be changed. One way to achieve this is to
use other modes that have the other fork motion orienta-
tion. In other words, the direction of sliding is reversed by
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Fig. 5. Resonance frequencies of the two fundamental tuning-fork
modes versus six geometry parameters; lst and 2nd indicate the
lower and higher frequency fundamental tuning-fork/lifting modes,

respectively.

TABLE I
FiNnaL DIMENSIONS OF THE TUNING FORK ACTUATOR.

Parameter  Value (mm)* Geometry
din 12
dfOUT 25
[7} 25
hFoRrxk 8
tFORK 5
IFORK 12
WFORK 5
dHOLE 10
THOLE 0
lpzT 5
WPZT 5
fpzT 10

*Refer to Fig. 1 for parameter definitions.

changing the frequency of excitation, thus the difference
between the motions in Fig. 2(a} and (b). The dimensions
of the final design for the stator is given in Table L

I1I. AcTUATOR AND TEST F1XTURE CONSTRUCTION

The stator was machined using computer numerically
controlled milling of C1020 low-corrosion steel plate. The
fork tips and MLPA mounts were polished to a 5-um
finish in preparation for mounting friction material and
the MLPA. The MLPA was placed within the stator and
checked for a snug fit, taken out and replaced with epoxy
along the interfaces between the MLPA and stator, and
mechanically secured in place by swaging the stator at two
or more places near the mounting interfaces, as shown in
Fig. 7.

The swaging was performed before the epoxy cured. In
early trials, the epoxy was allowed to cure before swaging,
but the coupling of the stator to the piezoelectric material
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Fig. 6. Predicted mode shapes according to finite element analysis. The contours indicate the relative mnagnitude of deflection in the direction
of the arrow shown on the left (except for the plot at 44.07 kHz, which indicates deflection in and out of the page) for (a) modes that might

be useful for actuation, and (b) modes that arc to be avoided.

Force

Conical Points

Force

(a) (b) )

Fig. 7. Mounting the MLPA within the stator using swaging
(a) causes (b) expansion of the stator material near the MLPA, se-
curing it, as shown in a prototype {c).

was poor. The depth of the swage and number of swage
operations also affects the coupling of the MLPA and sta-
tor; having too many or pressing too decply causes un-
wanted flexibility near the MLPA. Swaging accomplishes
three goals: firmly coupling the piezoelectric material to
the stator on both ends; placing the MLPA under com-
pressive prestress, thus enhancing its durability [11}; and
thinning the epoxy bond. Though it is probably possible
to eliminate the use of epoxy to bond the MLPA to the
stator, it was not tried for these prototypes.

Two materials were used for contact on the stator, alu-
mina and asbestos brake liner material. For the slider,
alumina was used throughout. In particular, the alu-
mina/alumina interface has been shown to be a durable
and convenient choice [13], [14]. In each case, the mate-
rials were polished to 0.5 ~ 1 mm thickness and bonded
to the stator using the same Loctite epoxy. The thickness
of the epoxy was minimized by fastening the parts in a
precision milling vise during curing.

The contact counterfaces were polished to 3 pm rough-
ness, using either increasingly fine sandpaper or several
grades of diamond grit lapping powder in oil on a tool
steel polishing plate. In cither case, final hand polishing
was performed using standard writing paper and alcohol
on a flat glass plate.

A small, v-shaped notch was machined into the ring sec-
tion of the stator (see Fig. 1), along with a 3-mm threaded
hole to receive a bolt to provide a secure mount. This
mount prevented turning of the stator to ensure the feet
of the stator were in parallel contact with the slider.

A test fixture was constructed to hold the stator and
slider, and to permit measurement of the actuator’s perfor-
mance. The test fixture's arrangement is shown in Fig. 8. A

piece of alumina plate, polished to have paralle] faces, was
mounted onto a light sliding platform with a small linear
bearing to form the slider. An encoder grating, made by
printing a regular pattern of lines on an overhead trans-
parency on a laser printer, was attached to the slider’s
end. By mounting an incxpensive optoelectronic switch,
with the encoder scrving as the gate in conjunction with
a digital oscilloscope and some software, it was relatively
easy to measure the velocity of the slider with respect to
time. A drawback of this approach is the low resolution
of the velocity signal, particularly during the start of the
sliding motion when the actuator is capable of acceler-
ating the slider over a very short distance. However, for
this study, the measurement of the acceleration with large
masses placed on the monofilament line was still possible.
The preload force was placed upcn the actuator by using
a preload spring to press against the actwator’s mounting,
which was free to slide vertically; the ‘preload was deter-
mined by measuring the deflection distance in this spring.

IV. RESULTS

The actuator’s electrical, vibration, and linear actuation
characteristics were measured; the results are indicated in
the following sections.

A. Eleetrical Characteristics

The impedance characteristics of the actuator were
measured using a standard HP 4194A (Hewlett-Packard,
Palo Alto, CA) analyzer at 0.5 Vgus. From Fig. 9(a),
the two modes at 24-25 kHz appear, with the cross (“x7)
and the double circle {“@)”} indicating not useful and very
useful modes, respectively. The modes appearing at 47 and
57 kHz correspond to the 52 and 58 kHz modes in the AN-
SYS analysis, and are both marked as being useful; the
shift is due to the assumption of an ideally fixed base (see
Fig. 1). The actual base can vibrate along with the actua-
tor, and these modes have motion at the base, unlike the
mode at 26 kHz; the consequence is the modes’ frequen-
cies are reduced. Not surprisingly, the undesirable mode
that appears in ANSYS at 44 kHz does not appear in the
impedance test; it cannot be driven by the MLPA. Though
not very prominent, there is a slight peak at 59 kHz that
indicates another out-of-plane mode. At 74 kHz, the mode
corresponds to the ANSYS analysis. Although not very
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Fig. 9. Impedance amplitude and phase characteristics of the stator with respect to excitation frequency (a} without slider and (b) with a

slider at 1.98 N preload; “x” indicates a useless mode,

useful, it is marked with a single circle (“()"), implying it
potentially could be useful because it does possess fork mo-
tion. Above this mode, however, the motions are primarily
within the MLPA, and so are of little use for actuation.

Placing the stator into contact with a slider caused
sigmficant change in the impedance spectrum, as shown
in Fig. 9(b). The contact interface was alumina/alumina,
though other contact interfaces produced similar results.
In particular, the mode at 47 kHz amplified enough to
become useful, as will be shown later. Unfortunately, the
reverse is also true; the useful mode at 25.25 kHz, indi-
cated with an asterisk in Fig. 9, alwost disappeared when
the slider was introduced. Certainly the introduction of the
slider also alters the mode shapes, just as it has altered the
impedance spectrim, but the effect was not included in the
finite element analysis due to the extraordinary expense of
contact analysis.

Y0 a potentially useful mode, and “@" a useful mode.

Fig. 10 illustrates the effect of swaging the stator on the
impedance. Before the swaging was performed, an MLPA
was mounted in a stator using epoxy with a press fit tol-
erance. After the epoxy cured, the impedance spectrum
for the unswaged stator was measured. Subsequently, the
stator was swaged, and the impedance spectrum for the
swaged version was measured. Notice that the general ef-
fect is the larger minimum phase for most resonances, indi-
cating an improved coupling between the stator and MLPA
and, perhaps, indicating improvement from the static com-
pression of the MLPA within the stator. Furthermore,
the resonances are generally narrower, especially the large
peak at around 55 kHz, representing an increase in the
quality factor from 35 to 110 for this particular peak. An-
other effect of the swaging is the lowering of the resonance
frequencies of many of the modes, from 1 to as much as
5 kHz. The reason for this shift is the increased flexibil-
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Fig. 11. Sliding force versus sliding velocity with brake liner/alumina
contact counterfaces at 47.1 kHz. The lines represent least-square fits
of the data.

ity in the stator arcund the swaged arca, which obviously
affects the mode shape. However, the benefit of increased
response was believed to outweigh this problem, and so all
stators used in testing reported here were swaged.

B. Linear Motion Results

Using the test fixture in Fig. 8, measurements of the
slider’s velociiy with respect to sliding force, preload, volt-
age applied to the MLPA, stator version, and mass on the
monofilament line were made. From these measurements,
the axial force the stator could deliver to the slider based
on these variables was dstermined.

Figs. 11 and 12 plot the sliding force and efficiency
versus sliding velocity at a frequency of 47.1 kHz, using
brake liner/alumina contact counterfaces. Figs. 13 and 14
provide the same data but at 55.3 kHz, at which the ac-
tuator moved in the opposite direction. The efficiency is
defined here as the power out, or sliding force times the
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Fig. 13. Sliding force versus sliding velocity with brake liner /alumina
contact counterfaces at 55.3 kHz. The lines represent least-square fits
of the data.

sliding velocity, divided by true average power in, or the
time-average of the product of the instantaneous voltage
times the instantaneous current {taking the phase into ac-
count). The 47.1 and 55.3 kHz resonances correspond to
the 52 kHz and 58 kHz mode shapes in Fig. 5, respectively,
with the shift being due to the flexibility of the base and
the swaging of the stator. The applicd voltage in all cases
was 3.5 Vgrazg, with a positive direct current (DC) bias of
2.5 V to maintain the poling within the MLPA.

Maximum sliding forces of 1.86 and 2.31 N were reached
using & preload of 11.27 N in the 47.1 and 55.3 kHz direc-
tions, while maxiinum velocities of 16.5 and 18.3 cm/s,
were reached at a preload of 16.2 N in the 47.1 and
55.3 kHz directions, respectively. A maximum efficiency
of 18.7% was reached in the 47.1 kHz direction at a slid-
ing velocity of 11.2 cm/s using a preload of 16.2 N. In the
55.3 kHz direction, the efficiency peaked at 18.9% at the
same preload and a sliding velocity of 11.5 cm/s.

From 4.63 N to 11.2 N of prcload, the trend of
the actuator’s response is generally toward larger sliding
force/velocity, but the higher 16.2 N preload gives a dif-
ferent response, with a dramatically higher sliding veloc-
ity and reduced sliding force. This pessibly could be to a
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Fig. 15. Sliding force versus velocity for alumina/alumina contact
counterfaces at 47.3 kHz and 53.3 kHz. The lines represent least-
square fits of the data.

change in the motion along the contact interface from re-
distribution of the contact force along the interface. The
brake liner material’s compliance, at low preload serves to
transmit the vibration of the stator to the slider without
much effect on the stator’s vibration. At a higher preload,
beyond 10 N or so, the friction liner material may be fully
compressed.

For an alumina/alumina contact interface, Figs. 15 and
16 indicate the force versus velocity and efficicncy versus
velocity in both sliding directions, respectively. Because
the counterfaces are far stiffer, a higher preload is neces-
sary, which requires a higher applied voltage of 4.20 Vgars
to excite sufficient vibration in the structure. A positive
DC bias of 2 V also was applied. The direction of sliding
is indicated in Fig. 15.

At a preload of 15.9 N, the maximum measured sliding
forces were 1.27 and 0.524 N; the maximum velocities were
3.38 cm/s and 3.57 cmn/s in the 47.3 and 55.3 kHz dirce-
tiens, respectively. At 30.5 N preload, the sliding forces
and velocities peaked at 0.927 and 1.12 N, and 5.56 and
2.08 cmy/s in the 47.3 and 55.3 kHz directions. The ef-
ficiency of this configuration is consistently lower than
the alumina/brake liner configuration, with a maximum of
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Fig. 16. Efficiency versus velocity for alumina/alurnina contact coun-
terfaces at 47.3 kHz and 53.3 kHz.

10.3% at 1.32 cm/s, 15.9 N preload, and in the 47.3 kHz
direction. Generally, the efficiency is less than 5%.

V. CONCLUSIONS

A novel piezoelectric linear actuator was presented, us-
ing a single piezoelectric element mounted in the stator
structure with swaging. The basic concept, along with its
improvement via finite element analysis, was shown. For a
few select choices of two different stator designs and three
different contact materials, the impedance characteristics
of the stator along with the performance of the actuator
were measurced. The experimental results demonstrate the
feasibility of the design concept.

Bidirectional motion, with a maximum sliding force of
1.86 N and a maximum velocity of 16.5 cm/s in either di-
rection, was obtained using alumina/brake liner contact.
The efficiency of the alumina/brake liner actuator was
about 10%, but it achieved a maximum efficiency of 18.9%.

Using an alumina/alumina interface, bidirectional mo-
tion was obtained; but the efficicncy was much lower, gen-
erally less than 5%. From the alumina/alumina actua-
tor, a maximum (bidirectional) sliding force of 0.927 N
and velocity of 3.38 cm/s werc obtained. Though alu-
mina/alumina interfaces have been successful in some
piezoelectric actuator designs, in this case the more com-
pliant alumina/brake liner contact interface performs far
better, particularly with regard to the maximum sliding
velocity.

For future work, the authors would like to pursue the
revision of this actuator to improve upon the design of
the stator, using hard PZT multilayer piezoelectric actu-
ators in order to improve the efficiency of the system at
ultrasonic frequencies. Furthermore, the authors envision
a detailed study of the fork arms’ motion and their shape
to obtain improved performance. Using this actuator for
sliding perpendicular to the forks, or rotation of a shaft
placed between the forks, will be considered.
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