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We propose output shafts with a preload generation
mechanism to improve the output torque and thrust
force of the rotary-linear ultrasonic motor. The stator
is comprised of a single metallic cube with a through-
hole, and the output shafts are inserted into the hole
to generate motion in both its circumferential and ax-
ial directions arbitrarily. In this paper, two design
concepts for optimizing the preload using the output
shafts are examined. The first involves a cylinder shaft
with micron-order accuracy diameter realization. The
cylinder shaft makes contact with the entire inner sur-
face of the stator and generates a preload between the
stator and shaft. The second concept employs a spring
shaft having a slightly larger diameter than the stator
hole, which expands in the radial direction and gener-
ates the preload. Experiments show that these design
concepts improve the output torque and thrust force.
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1. Introduction

Both rotational and translational motions are required
in a wide range of industrial applications, such as posi-
tioning stages. For example, in product assembly lines,
mechanical components are approached using translation
and precisely attached to products using rotation. The
most basic concepts for the construction of such auto-
mated devices with multiple degrees of freedom (multi-
DOF) involve the use of several one-DOF actuators and
transmissions. Rotary-linear actuators that drive an out-
put shaft in its circumferential and axial directions based
on a variety of driving principles have been proposed. The
electro-magnetic force, the most commonly used force in
actuator design, has been used for rotary-linear motors for
approximately 30 years [1,2]. One practical example is a
pneumatic rotary-linear actuator used for positioning in
industrial devices [3].

The piezoelectric effect is an attractive principle as re-
gards the generation of both rotary and linear motion.
Many researchers have developed a rotary-linear actuat-
ing system using two or three piezoelectric actuators [4—
7]. However, these mechanisms are large and complex,
because they employ a large number of components. An-
other approach towards the use of piezoelectric effects for
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Fig. 1. Schematic of rotary-linear ultrasonic motor.

the generation of rotary and linear motion is the use of
the smooth impact drive method (SIDM) [8]. The SIDM-
based rotary-linear actuator is relatively simple; however,
its torque and force do not reach the required practical
level.

We have constructed a rotary-linear piezoelectric ultra-
sonic motor comprised of a cubic stator and an output
shaft [9,10]. As shown in Fig. 1, the stator is a sin-
gle metallic cube with a through-hole. An output shaft
is inserted into the through-hole; the shaft spins in the
through-hole circumferential direction and moves in its
axial direction. One of the important advantages of the
proposed motor is the simplicity of the stator, which can
render fabrication easy and inexpensive. In our previ-
ous paper, the driving principle for rotary and linear mo-
tion generation was verified for this motor; however, the
output torque and thrust force were still under develop-
ment [9].

The goal of this paper is to improve the torque and
thrust force of the rotary-linear ultrasonic motor, us-
ing two design concepts concerning the output shaft and
preload. The first concept is the use of a cylinder shaft
with micron-order accuracy in its diameter measurement.
When the cylinder shaft is inserted into the stator hole
with no clearance between the stator and shaft, it makes
contact with the entire inner surface of the stator and gen-
erates a preload. The other design concept involves a
spring shaft having a slightly larger diameter than the sta-
tor hole diameter. When the spring shaft is inserted into
the stator, it expands in the radial direction and generates
a preload. These output shafts can provide an optimal
preload to the stator and generate a higher motor torque
and thrust force.
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Fig. 2. Vibration modes for rotation and translation: (a) R3
mode, (b) T1 mode and (c) T2 mode.

2. Driving Principle and Modal Analysis

The stator of the rotary-linear ultrasonic motor excites
individual vibration modes for rotary and linear motions
as the driving principle [9]. The rotation is based on a
vibration mode that excites three waves along the circum-
ference of the through-hole (R3 mode) shown in Fig. 2(a).
When a periodic force F, acts on the top surface of the
stator by piezoelectric effect, a standing wave R3 mode
is generated. When the other periodic force F;, acts on
the next surface with 90 degrees, another R3 mode is ex-
cited. By generating these two R3 modes with the tem-
poral phase difference of /2 (one-quarter of a cycle) si-
multaneously, the travelling wave is produced on the inner
surface of the through-hole. While producing the travel-
ing wave, elliptical motion is generated, and it moves the
output shaft in the circumferential direction. This driving
principle of the rotation is the same as that of the traveling
type ultrasonic motor [11], although it appears different
design.

The linear motion is generated by coupling the first ex-
tension mode (T1 mode) and the second extension mode
(T2 mode) of the stator shown in Figs. 2(b) and (c), re-
spectively. T1 mode is symmetry and the T2 mode is
asymmetry with respect to the axial direction. When the
stator design is cubic, the natural frequency of T1 mode
and T2 mode are accorded. This fact has been verified
by vibration analyses in existing literature [9, 12]. Giv-
ing the temporal phase difference 7/2 between Tl mode
and T2 mode, the inner surface of the stator generates an
elliptical motion that moves the output shaft in the axial
direction. Such driving principle for the linear motion is
well-known in linear ultrasonic motors [13, 14] and multi-
degree of freedom ultrasonic motors [15,16]. In these
motors, combination of the first extension mode and the
second bending mode is used as their driving principle.

Modal analysis using finite element methods (FEM)
clarifies mode shapes and natural frequencies of the sta-

550

Side "A"

EDf

\
Side "D"
N
Side "B"

)

Side "C" E /Backward "b"
ch

Forward "f"

Fig. 3. Schematic of stator and applied voltages.

tor. The material characteristics of the stator used in FEM
model are the same as those of phosphor bronze. The sta-
tor shape is a single metallic cube with a side length of
14 mm and a through-hole of 10 mm in diameter. The
modal analysis shows the mode shape of R3, T1, and T2
modes as shown in Fig. 2. The resultant R3 mode is ex-
cited at approximately 66.7 kHz. The resultant T1 and T2
modes are observed at 78.0 kHz and 77.5 kHz, respec-
tively.

3. Stator Characteristics

3.1. Stator Schematic

A schematic of the rotary-linear ultrasonic motor sta-
tor is shown in Fig. 3. Four plate piezoelectric elements
(Material: HC-51GS; Honda Electronics Co., Japan) are
bonded on the four sides of a cube composed of phos-
phor bronze. Each piezoelectric element has two silver
electrodes with positive polarization on one side. In to-
tal, there are eight electrodes on the outside of the stator.
On the other side, a negatively polarized silver electrode
conducts electricity to the metallic body and ground refer-
ence of the power supply devices. Voltages are applied by
eight wires, which are each connected to the eight elec-
trodes, as shown in Fig. 3. The four sides of the stator are
labeled “A”—“D” in a clockwise direction, and the for-
ward and backward axial directions are labeled “f” and
“b,” respectively. The voltages applied to all silver elec-
trodes of the eight piezoelectric elements are labeled as
“Ear,” “Eap” to “Epp,” “Epy.” To generate rotation, four
voltage types with a phase shift of /2 are applied:

EAf = E4p = Agsin (ZﬂfEt), N )
Epy = Epy :AESin(ZﬂfEt+ﬂ/2), N )]
Ecy = Ecp = Agsin QCrfet+m), . . . . . (3
EDf = Ep, = Agsin (27'L'fEl +37'L'/2), N )

where Ag is the amplitude and f is the frequency of the
applied voltages. When fg is in the vicinity of the natu-
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Fig. 4. Resonant frequency of R3, T1, and T2 modes.

ral frequency of R3 mode, the vibration amplitude is en-
hanced, resulting in the production of a traveling wave
with a large vibration amplitude.

To generate linear motion, two kinds of voltages with
phase of 7/2 are applied:

EAf = EBf:ECf:EDf :AESin(ZﬂfE[), ...
Ep, = Epy = Ecp = Epp, = Apsin(2nfpt +1/2), (6)

where fg is set near the natural frequency that excites the
T1 and T2 modes.

The voltages to be applied to the stator are generated
by a multi-channels function generator (WF1974; NF
Corp., Japan) and amplified by high-frequency amplifiers
(HSA4052; NF Corp., Japan).

3.2. Impedance Analysis

The resonant frequency of the prototype stator can be
determined using an impedance analyzer (IM3570; Hioki
E. E. Co., Japan). A wire is soldered to a piezoelectric
element electrode and the ground wire from the metallic
cube is connected to the impedance analyzer. The bottom
of the stator is fixed with a flexible adhesive. Fig. 4 shows
the frequency characteristics of the stator impedance and
phase. Steep changes in the impedance are observed at
the frequency close to the frequency estimated as the R3,
T1 and T2 modes. The resonant frequency of R3 mode
is shown at approximately 73 kHz and T1 and T2 modes
at approximately 81 kHz are shown. These frequencies
are slightly higher than the estimated frequency by the
FEM modal analysis. This discrepancy is due to the stator
being fixed to a test bench, which increases the resonant
frequencies.
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Fig. 5. Schematic diagram of vibration measurement using
laser Doppler vibrometer (LDV).

3.3. Vibration Amplitude Measurement

The shape of the vibration modes can be clarified by
measuring vibration amplitude. A laser Doppler vibrome-
ter (LDV; NLV2500-5; Polytec, Germany), which outputs
the vibration velocity of a point, is used for the measure-
ment. By integrating the vibration velocity, we can obtain
the vibration amplitude. Two LDVs, LDV1 and LDV2,
are installed to measure the inner surface and the end of
the stator, respectively, as shown in Fig. 5. The laser from
LDV1 is aligned with the axis of the stator hole. A rod
mirror located in the stator hole reflects the laser orthogo-
nally to the inner surface of the through-hole. This reflec-
tion facilitates measurement of the radial vibration veloc-
ity. To define the mirror position, we denote & the angle
of the mirror and /; as the distance from the end of the sta-
tor to the center of the mirror. The other point that LDV2
measures is close to the stator hole at the end of metal-
lic cube. The axial vibration amplitude of the stator is
measured. By using these laser Doppler vibrometers and
manipulating the rod mirror, the mode shapes and their
vibration amplitudes are clarified.

The vibration amplitude of the R3 mode is measured
by rotating the mirror in the direction of ®. The gravity
direction of the stator is defined as @ = 0°. To focus on a
single R3 mode, the voltages expressed in Eqgs. (1) and (3)
are applied (Ag = 120 V,,_;, and fr = 72.2 kHz) and the
voltages in Egs. (2) and (4) are turned off. Fig. 6(a) shows
the vibration amplitude inside the through-hole of the sta-
tor measured by LDV1 when rotating the mirror. The re-
sult shows the generation of three waves, in which the
positive and negative are determined by the phase. The
peak vibration amplitude of approximately 0.2 ym is ob-
tained at the antinode of R3 mode. In fixing the angle @,
radial vibration amplitude becomes roughly constant re-
gardless of the direction of /;. During the vibration of R3
mode, the vibration amplitude of the stator edge measured
by LDV?2 is approximately 0.013 pm.

The vibration amplitude of the stator excited by the T1
and T2 modes is measured by displacing the mirror in the
direction of /;. The voltages in Egs. (5) and (6) are applied
(Ag =120 V,_; and fr = 81.0 kHz) in order to observe
the vibration amplitude. Fig. 6(b) shows the vibration
amplitude measured by LDV 1 when the mirror is moved.
The resultant vibration amplitude increases at both stator
ends and decreases at the center, where the T2-mode node
is located. The stator generates a peak vibration ampli-
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Fig. 6. Vibration amplitude of (a) R3 and (b) T1 and T2 modes.

tude of approximately 2.16 um. The vibration amplitude
measured by LDV2 is approximately 1.57 pm, which is
roughly equal to the amplitude of the center. Compared to
the peak amplitude of the R3 mode, the amplitude of T1
and T2 modes is more than ten times larger than the R3
mode.

4. Output Shafts and Preload Mechanisms

4.1. Proposal of Two Output Shafts

We propose two output shafts with a preload generation
mechanism to solve this problem by: (i) adjusting clear-
ance between a cylinder shaft and the stator hole and (ii)
reducing a spring shaft to the stator diameter.

Figure 7(a) shows a preload method using the cylin-
der shaft. The cylinder shaft made of carbon steel has a
weight of approximately 30.8 g; this weight becomes the
preload between the stator and the shaft. To evaluate the
contact between the cylinder shaft and the stator hole, let
us denote dc the diameter of the cylinder shaft. When the
cylinder diameter is smaller than the stator hole diameter
(d. < D), the shaft contacts with only the bottom of the
through-hole by gravity. When the cylinder diameter is
equal to the stator diameter (d. = D), the outer surface of
the shaft contacts the whole inner surface of the stator, and
this contact condition is ideal for both rotation and linear
motion. When the cylinder diameter is larger than the sta-
tor diameter (d. > D), the friction force between the stator
and the shaft increases and prevents the motor motions.

Figure 7(b) shows the other preload method using the
spring shaft, which is the same one as a closed coil spring.
The spring shaft is composed of stainless steel and has a
diameter of ds, weight of approximately 3 g, length of
30 mm, and a wire-diameter of 0.5 mm. When a moment
is applied to the both ends of the spring shaft around the
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Fig. 8. Prototype motors with (a) cylinder shaft and (b)
spring shaft.

axial direction, the spring shaft is twisted and its diameter
decreases. While the spring shaft diameter is smaller than
the stator hole diameter by twisting, the shaft is inserted to
the stator. Then when the applied moment is removed, the
outer diameter of the shaft expands to make even contact
with the inner circumferential surface of the stator. This is
an ideal condition, because the preload acts between the
shaft and the stator without clearance. This preload can be
optimized by choosing the spring shaft diameter: that is,
the preload increases for larger spring diameters. Similar
to the cylinder shaft, if the preload is too large, the friction
force prevents the motor motion. Figs. 8(a) and (b) show
the prototype motor with the cylinder shaft and the spring
shaft, respectively.

4.2. Impedance Analysis

We examine how the impedance characteristics of the
motor behave when the cylinder and the spring shafts are
inserted into the stator. The fz and f behavior is clarified
by the impedance analyzer.

Figures 9(a) and (b) show the behavior of the reso-
nant frequencies fz and fr, respectively, in changing the
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ance between stator and cylinder shafts, fz: Resonant fre-
quency of R3 mode, fr: Resonant frequency of T1 and T2
modes).

cylinder shafts diameter with 1 um accuracy. Note that
several cylinder shafts were prepared for experiments as
the output shaft. When the dimeter of the cylinder shaft
is smaller than that of the stator hole, the shaft can be in-
serted to the stator hole smoothly. The clearance between
the stator and the shaft decreases as the shaft diameter
increases. When the shaft diameter is accorded with the
stator hole, inserting the shaft into the hole needs a strong
force. We determine this case as zero clearance. For eval-
uation of the cylinder shaft, we define clearance between
the stator and the cylinder shafts C, (= D —d,) as the sub-
traction of the cylinder diameter from the stator diameter.
When the clearance C, is smaller than 4 pum, the both res-
onant frequencies sharply increase. This reveals that the
outer diameter of the shaft contacts the inner circumferen-
tial surface of the stator without clearance. These resonant
frequencies peak at C. = 1 um.

Figures 10(a) and (b) show the shift of the resonant
frequencies in changing the spring shaft diameter, which
is measured by a micrometer. The spring shaft is twisted
to be inserted to the stator (Fig. 7(b)). The shaft diame-
ter possible to be inserted without twisting is determined
as zero clearance. This determination of the spring shaft
clearance differs from that of the cylinder shaft. We define
a reduction value of the spring diameter R; (= d; — D) as
the subtraction of the stator diameter from the spring di-
ameter. Also, R, is an amount of shrinkage in spring shaft
of the radial direction. The resonance frequency stays
constant regardless of the reduction value R,. This is be-
cause the spring shaft is hollow and its mass is very small,
unlike the solid cylinder shaft.
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Fig. 11. Experimental setup for measuring (a) torque and
(b) thrust force.
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4.3. Torque and Thrust Force

We next demonstrate the manner in which Cc and Rs
affect the torque and thrust force of the rotary-linear ul-
trasonic motor. Fig. 11 shows the experimental setup for
measuring the torque and thrust force. The torque and
thrust force are statically measured by a force gauge (ZP-
20N; Imada Co., Japan). In Fig. 11(a), an output shaft
is attached to the spring shaft, and its torque is measured
by the force gauge via a pulley. In Fig. 11(b), the output
shaft is attached to the spring shaft, and its thrust force is
measured in axial direction. In the experiment, the am-
plitude of the voltages are constant (Ag = 120 V,_;), and
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Fig. 12. Torque and thrust force in response to variations in
the cylinder shaft diameter: (a) R3 and (b) T1 and T2 modes.

the frequency fr is adjusted to make the torque and force
maximum. After the voltages are applied, heat genera-
tion occurs. The stator and the shafts expand accord-
ing to a coefficient of thermal expansion. Influence of
the heat generation can be ignored in this experiment
because the change of the clearance is very small. In-
cidentally, if the temperature rises by 5°C, The change
of the clearance between the stator (coefficient of ther-
mal expansion & = 17 — 18 x 1076 K~') and the shafts
(0 =11—18x 107 K1) is less than 0.35 pum.

Figures 12(a) and (b) show the relation of the maxi-
mum torque and thrust force to the clearance C,. When
the clearance is minimum (C, = 1 um), both the torque
and the thrust force peak (7' = 3.6 mNm and F = 1.5 N).
When there is no clearance (C. = 0 yum), the motor can-
not generate motions. It is due to that static friction is too
large to drive the cylinder shaft.

Figures 13(a) and (b) show the relation of the max-
imum torque and thrust force to the reduction value R;.
The peak torque of 7 = 2.8 mNm and peak thrust force
of F =2.9 N are obtained at R, =5 tm and Ry = 9 um),
respectively.

We next discuss the difference in the peak thrust forces
values between the cylinder shaft and the spring shaft
(Figs. 12(b) and 13(b)). It is seen that the peak thrust
force of the spring shaft is roughly twice larger than that
of the cylinder shaft. This is because the spring shaft can
adjust the preload value precisely and optimally by chang-
ing its diameter. In other words, it is insufficient to opti-
mize the preload by the cylinder shaft with 1 um accu-
racy. Another interesting aspect is that the spring shaft
has a difference between the torque peak and the thrust
force peak: the torque peaks at Ry = 5 pm and the thrust
force peaks at Ry =9 um (Figs. 13(a) and (b)). It is due to
that the vibration amplitude of T1 and T2 modes is larger
than that of R3 mode (Fig. 6). The motor can generate
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large thrust force with high vibration amplitude under the
large preload, whereas a small preload with low vibration
amplitude reduces the torque.

4.4. Frequency Characteristic Using the Optimal
Diameters

Frequency characteristic of ultrasonic motors is impor-
tant to be used for control of the torque and the thrust
force. We examine the torque and thrust force of the
rotary-linear ultrasonic motor by changing the frequency
of the voltages at the constant amplitude Ag = 120 V,_,,.
Fig. 14(a) shows the behavior of the maximum torque
when the frequency is changed. The torque peaks in the
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neighborhood of the resonant frequency. The range of
torque generation is 70-76 kHz in both the cylinder shaft
and spring shaft. Fig. 14(b) shows the frequency charac-
teristic of the maximum thrust force. The range of thrust
force is 79—83 kHz in the cylinder shaft and is 81-85 kHz
in the spring shaft. The thrust force of the spring shafts
peaks slightly higher frequency than that of the cylinder
shaft. The resulting torque and thrust force are non-linear
with respect to the change in the frequency.

5. Conclusion

The torque and thrust force have been improved by op-
timizing the diameter of the cylinder and spring shafts ex-
perimentally. Compared to the previous rotary-linear ul-
trasonic motor with a similar sized stator and for the same
applied voltages [9], the maximum torque of the spring
shaft is 1.5 times larger and that of the spring shaft is
1.2 times larger; the maximum thrust force of the cylin-
der shaft is 4.4 times larger and that of the spring shaft is
8.5 times larger.

In the future, several design concepts for the realization
of larger torque and thrust force will be explored, such as
coating the output shafts with an appropriate material with
an optimal friction coefficient. The proposed spring shaft
works well at the optimal preload. Further, one of the
advantages of the spring shaft application is its flexibility.
Flexible robotics may be an interesting application of this
motor.
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