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Abstract—A smooth impact rotation motor was fabri-
cated and successfully operated using a torsional piezo ac-
tuator. Yoshida et al. [1] reported a linear type smooth im-
pact motor in 1997. This linear motor demonstrated a high
output force and a long stroke. A superior feature of the
smooth impact drive is a high positioning resolution com-
pared with an impact drive [2]. The positioning resolution
of SIDM (smooth impact drive mechanism) is equal to the
piezo displacement. The reported positioning resolution of
the linear type was 5 nm.
Our rotation motor utilized a torsional actuator contain-

ing multi-layered piezoelectric material. The torsional ac-
tuator was cylindrical in shape with an outer diameter of
15 mm, an inner diameter of 10 mm, and a length of 11 mm.
Torsional vibration performance was measured with a

laser Doppler vibrometer. The obtained torsional displace-
ment agreed with the calculated values and was sufficient
to drive a rotor. The rotor was operated with a saw-shaped
input voltage (180 V; 8 kHz). The revolution direction was
reversible. The maximum revolution speed was 27 rpm,
and the maximum output torque was 56 gfcm. In general,
smooth-impact drives do not show high efficiency; however,
the level of efficiency of our results (max., 0.045%) could
be increased by improving the contact surface material. In
addition, we are studying quantitative consideration, for ex-
ample, about the optimum pre-load or frictional force.

I. Introduction

Ultra-precision machine tools and scanning probe
microscopes require a high resolution positioning

stage. Piezoelectric material has advantages for a precise
positioning actuator; however, the gained strain is too
small to achieve a long stroke or rotation drive. Some ac-
tuators [1]–[4] have been proposed to overcome this prob-
lem. A smooth impact linear motor [1] is one of the supe-
rior actuators. Despite its simple construction, this linear
actuator demonstrates a long stroke and a high position-
ing resolution because of its two modes of operation. One
mode is for the long stroke drive, and the other is for the
positioning drive. After long stroke operation, the precise
positioning operation is carried out. DC voltage control to
the piezoelectric material is utilized for precise positioning
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operation; so, the positioning resolution is a few nanome-
ters. Furthermore, output force is large because this linear
motor uses a piezoelectric material.
In this paper, a smooth impact rotation motor is pro-

posed. A multi-layered piezoelectric device for torsional
motion (torsional actuator) is utilized as a stator. Our fo-
cus is on the conversion of the piezoelectric small strain
to rotor rotation. Because precise positioning of the drive
is easily achieved by DC voltage control, this paper will
not focus on this issue. The vibration characteristics of
the torsional actuator were measured, and the rotor was
successfully rotated.

II. Structure

A rotation smooth impact motor is composed of a tor-
sional actuator attached to a support, a pre-load mecha-
nism, and a rotor. As shown in Fig. 1, the torsional actua-
tor is made of multi-layered piezoelectric material with an
outer diameter of 15 mm, an inner diameter of 10 mm, and
a length of 11 mm. There are 20 layers, and each ceramic
layer is 0.5 mm thick. Parameters related to the piezoelec-
tric material are shown in Table I. A distinctive feature
of this device is that the poling directions are aligned in a
circumferential direction to excite torsional movement.
For the poling treatment, some complicated fabrication

processes were carried out. First, each thin ceramic ele-
ment was cut and divided into eight parts in a circumfer-
encial direction, and temporal electrodes were deposited
in these sections to supply a high electrical field. After
the poling treatment, temporal electrodes were removed,
and each part was glued to form the previous cylindrical
shape. Finally, the thin ceramics disks were stacked with
thin metal electrodes by an adhesive. The poling direc-
tions of upper and lower layers were reversed as shown in
Fig. 1. The supplied electrical field was perpendicular to
the poling direction. Therefore, the thrust force was gener-
ated according to the k15 coupling factor effect. The thrust
force results in torsional deformation.
Fig. 2 shows a cross-section of the motor composed of

the torsional actuator, the rotor, and the pre-load mecha-
nism. The rotor is made of brass, and the contact surface
of the torsional actuator was plastic. Fig. 3 shows a pho-
tograph of the motor. The rotor is pressed to the upper
surface of the torsional actuator by a spring. The pre-load
is controlled by the position of a nut. The rotor is con-
nected to a stator shaft through a bearing; so, only the
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Fig. 1. Torsional actuator (fabrication process).

TABLE I
Parameters of Piezoelectrical Material Used for Torsional Actuator.

kp 0.65
k33 0.72
k13 0.36
k15 0.69 (Blank in catalog; so, this data was that of PZT 5A)
c11 5.0 × 1010 N/m2

c13 6.1 × 1010 N/m2

c15 2.1 × 1010 N/m2

ετ
33/ε0 4300

tanδ 2.1%
Q factor 50
Curie temp. 210◦C

rotor part is driven, as will be mentioned later. The bot-
tom part of the torsional actuator is strongly fixed by a
vise.

III. Principle

The principle of this motor is a smooth impact drive.
The smooth impact drive possesses two operation modes.
One mode, which we call “the precise positioning drive
mode,” is simply operated by applying DC input voltage

to a torsional actuator. The torsional angle of the stator is
proportional to the input voltage. Frictional force prevents
the rotor from slipping, and the rotor moves together with
the upper surface of the stator. The precise positioning
mode is easier, therefore, to achieve than what we call the
“rotation drive mode.” In this paper, we deal with the
rotation drive mode, which corresponds to a long stroke
drive of linear motor.
The rotation drive mode is our primary interest. In our

motor operation, the input electric source is saw shape,
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Fig. 2. Cross-section of the motor.

meaning that the input voltage is composed of a “slow
increase part” and a “rapid decrease part,” as is shown
in Fig. 4. The circumferential displacement of the upper
surface is proportional to the input voltage if a cycle of saw
shape is below the first fundamental resonance frequency.
The saw-shaped input voltage generates alternating slow
and rapid torsional movement.
The torsional actuator drives the rotor by frictional

force when the input voltage is the “slow increase part”
of the saw shape. The rotor and the upper surface of the
stator are attached by frictional force and move together.
With the “rapid decrease part” in saw-shaped input volt-
age, the rotor cannot follow the quick surface movement
and slips on the surface of the torsional actuator. As a re-
sult, only the torsional actuator is returned to its previous
position. At the end, the rotor movement is equivalent to
the slipped distance with rapid torsional drive. By repeat-
ing these operations, the rotor could be rotated.

IV. Estimation

A high velocity for the actuator is important for slip
phenomenon during the rapid movement. The large strain
of torsional actuator and the higher driving frequency is ef-
fective for the smooth impact drive. The driving frequency
depends on the resonance frequency. In this section, the
relationship between strain and the input voltage is esti-
mated. This relationship is important because the strain
gained by the piezoelectrical material is very small.
First, the torsional angular displacement with one layer

is calculated; then, the total deformation is determined

Fig. 3. Photo of the motor.

by multiplying this value by the number of layers. The
mechanical energy Em of the cylindrical torsional angular
displacement is expressed as

Em =
πc15l

2

(
θ

l

)2 (
b4 − a4) (1)

where a, b, l, c15, and θ express the outer radius, the inner
radius, the length, the modules of rigidity, and the tor-
sional angle, respectively. The torsional angle is caused by
the piezoelectric effect. The electrical energy Ee applied to
cylindrical-shaped capacitance is expressed as

Ee =
1
2
ε0ε

T

(
V

l

)2

π
(
b2 − a2) l (2)

where εT is the relative dielectric constant, and V is
supplied voltage. The equations, (1) and (2) are related
by the electro-mechanical coupling factor k15. Namely,
Em = Eek

2
15. So, the relationship between torsional an-

gular displacement and the input voltage is expressed as

θ =

√
k2
15ε0εT

c15 (a2 + b2)
V. (3)

Gained displacement of outer position was expressed as aθ,
and the multi-layered piezoelectric material magnifies the
strain by the layered number n. Thus, the displacement at
the upper part of outer side wall is expressed as

anθ = n

√
a2k2

15ε0εT

c15 (a2 + b2)
V. (4)

In the case of the torsional actuator, the parameters shown
in Table II result in a displacement per unit voltage of
15.6 nm. The coupling factor k15 is unspecified; so, the
typical value (69%) of soft PZT (PZT-5A) was substituted.
There are piezoelectric materials whose coupling factor k15
is more than 70%. The module of rigidity c15 is calculated
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Fig. 4. Rotation principle with the saw-shaped input voltage.

TABLE II
Shape Parameter of Torsional Actuator.

An outer radius a 7.5 mm
An inner radius b 5.0 mm
Thickness of each layer l 0.5 mm
Multilayered number n 20

to be 2.07 × 1010 N/m2 using c15 = 3Y/8 [5], where Y
is Young’s modules. PZT is an anisotropic material that
has two Young’s modules c11 and c33. To calculate c15, the
average value, (c11 + c33)/2 was used as Y .
From the results of this calculation, it can be deter-

mined that a 100 V input voltage results in a 1.6 µm dis-
placement. Based on the results of a previous study [1],
this displacement is sufficient for a smooth impact drive,
and a 100 V input voltage appears to be a practical value.

V. Experiments and Results

A. Resonance Frequency and Vibration Mode

The characteristics of the torsional actuator were mea-
sured using a laser Doppler vibrometer as shown in Fig.

5. The bottom part of the torsional actuator was fixed
strongly by a vise. The rotor and pre-load mechanism were
not attached during these experiments. The laser was ir-
radiated to the top of the side wall, and the relationship
between the vibration amplitude and the driving frequency
was measured. The adopted Doppler vibrometer is for ve-
locity measurements in a direction perpendicular to that
of the laser irradiation. The input voltage was 1.0 V and
sine-shaped. As shown in Fig. 6, the resonance frequency
of the torsional vibration mode was 18 kHz, and the vibra-
tion amplitude was almost flat below 15 kHz. The quality
factor was calculated to be 50, which means that this ma-
terial is a soft-type piezoelectric material. The torsional
displacement at the outer point was 15 nm per unit of
input voltage.

To confirm the vibration mode, the laser spot was
scanned from the bottom to the top. The vibration am-
plitude was measured at each position as shown in Fig. 7.
The driving frequency was 7 kHz, and the input voltage
was 30 V. As illustrated in Fig. 8, the x-axis refers to the
distance from the bottom surface of irradiated point. The
measured displacement shows that the torsional displace-
ment was magnified proportionally by multiple layering.
The fixing force of the vise was sufficient to hold the tor-
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Fig. 5. Measuring system for the relationship between torsional vibration amplitude and driving frequency.

Fig. 6. The relationship between torsional vibration amplitude and
driving frequency.

Fig. 7. Measuring system for vibration mode.

sional actuator.

B. Saw-Shaped Input Voltage

Saw-shaped torsional displacement is essential for a
smooth impact drive. For a high-speed rotor drive, a
high driving frequency is effective. Near the resonance fre-
quency drive, however, the saw-shaped input voltage can-
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Fig. 8. The torsional vibration mode.

not be converted exactly to a torsional vibration. Because
only the fundamental frequency vibration surpasses other
frequency vibrations that compose the saw-shape. As in-
dicated previously, the resonance frequency was 18 kHz.
The relationship between torsional displacement and the
driving frequency was measured when the input voltage
was saw shaped. The input voltage was fixed to 5 Vo−p.
As shown in Fig. 9(a), the saw-shaped torsional displace-
ment was achieved with a lower driving frequency of 1 kHz.
With the upper driving frequency (for example, 7 kHz),
the input voltage shape and displacement shape were al-
most proportional as shown in Fig. 9(b). In contrast, when
the driving frequency was 13 kHz, which was near the
resonance frequency, the torsional displacement was sine
shaped, which was caused by a resonance phenomenon as
shown in Fig. 9(c). From these results, it can be seen that
the driving frequency of saw-shaped input voltage is lim-
ited to 13 kHz. The results of the rotation drive experi-
ments indicated that the suitable driving frequency ranges
from 7 to 8 kHz.

C. Rotation Characteristics

The rotor pressed to the torsional actuator was oper-
ated with rotation drive mode. The pre-load was 2.0 kgf,
and the peak voltage of the saw-shaped input voltage was
180 V. The driving frequency was 8.0 kHz, which was al-
most one-half the resonance frequency. Based on the tor-
sional displacement and the input voltage, the revolution
speed for these experimental conditions can be calculated
to be 28.5 rpm.
The rotation characteristics were measured with a laser

Doppler vibrometer. A laser beam was irradiated to the
mirror attached to the rotor. This laser Doppler vibrom-
eter measures displacement in the same direction as the
laser irradiation. The time range was 5 msec, and the to-
tal displacement was only 100 µm; so, the rotation angle
could be estimated to be proportional to the measured dis-
placement. The rotor was successfully driven by frictional
force, and the rotating direction was reversible by chang-

Fig. 9. Torsional vibration shape versus times by saw-shaped input
voltage. A) 1 kHz, B) 7 kHz, C) 13 kHz.

ing the driving voltage shape. As indicated in Fig. 10, the
result shows that, as expected, the rotor movement exhib-
ited step motions.

The relationship between load and speed was also mea-
sured. The weight was suspended with a thread at the
rotor output axle. The diameter of the rotor output axle
was 13 mm. As shown in Fig. 11, the maximum revolution
speed was 26 rpm, and the maximum output torque was
56 gfcm.
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Fig. 10. Step motion result with the saw-shaped input voltage.

Fig. 11. The revolution speed and efficiency with 2 kgf pre-load.

VI. Conclusions

The torsional actuator was fabricated, and its char-
acteristics were measured. The resonance frequency was
18 kHz, and the displacement per unit voltage was 15 nm.
The displacement results were almost the same as the cal-
culated value, 15.6 nm. With a saw-shaped input voltage,
the pressed rotor was driven in the indicated direction,
and the moving direction was reversible. The driving fre-
quency was 8 kHz and the input voltage was 180 V. The
measured revolution speed was the same as that calculated
from the experimental torsional displacement and input
voltage results. With improvements in the driving surface
material, larger output torque and higher efficiency could
be achieved in the future.
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