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ABSTRACT We propose a miniature rotating mirror system using a micro-ultrasonic motor that employs a
45◦ angle mirror as its rotor for enlarging the angle of view of cameras. The motor assy, measuring 2 mm
in diameter and 4 mm in length, is one of the smallest motors and is expected for medical applications such
as endoscopes. In this paper, we build a micromirror assembly, install it into a visual feedback system with
an optical system, and demonstrate a motor control with a quick and wide angle-of-view observation. The
high-speed camera vision embedded in the system measures the quick motion of the motor in real-time
and enables accurate positioning of the mirror angle by p-control using burst waves. The proposed system
demonstrates the visual feedback control of the miniature rotating mirror to the angle information obtained
by the high-speed camera. The feasibility of the mirror system driven by the micro-ultrasonic motor is shown
via demonstration.

INDEX TERMS Piezoelectric actuators, ultrasonic motors, micromotors, microrobotics, and visual servo.

I. INTRODUCTION
Certain medical devices require a miniature rotating mirror
for enlarging the range of view. One of the expectable appli-
cations is endoscopes that examine the interior of hollow
organs of the body. Most of the current endoscopes can
bend and change the orientation of ends by operation of
endoscopists to observe a wider range of the interior. This
task is necessary for recent endoscopy, but manipulating the
endoscopes needs time when looking for diseases. To reduce
the manipulation time and improve the quality of inspection
technology, the new mechanisms and control strategies of
bending endoscopes have been studied [1]. The most com-
monly used technology is a wire traction mechanism driven
by large electromagnetic motors located outside the body. It
makes endoscopes bendable without enlarging the diameter,
but a fast observation is difficult because of the complic-
ity of the mechanisms. Shaped memory alloys (SMA) are
also suited for slender applications [2], [3], but the driving
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principle using heat expansion makes the control difficult.
Pneumatic actuators have a softness and compliance [4], [5],
but the overall system having a compressor, tubes, and valves
make them large and complicated.

The use of a micromotor with a tiny rotating mirror
is a promising technology to expand the angle of view
quickly. However, there is no micromotor implementable
into a limited space such as the inside of endoscopes. Many
miniature motors have been proposed using several driving
principles [6], such as an electromagnetic motor [7], [8],
an electrostatic motor [9], [10], and an electro-conjugate
fluidic motor [11], but their sizes are large or their output
torques are small for endoscopes. Ultrasonic motors [12] are
expected as a micromotor because of their simple structure
and high torque density [13]–[16]. A miniature ultrasonic
motor of 4.5 mm in diameter is practically employed into an
automatic calendar movement mechanism in watches [17].
Further miniaturization has been attempted with cylindrical
stators (approximately 1.5 mm in diameter and 5 mm in
length) [18], [19], but they are still too large as an actuator
for a rotating mirror.

38546 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ VOLUME 8, 2020

https://orcid.org/0000-0003-4294-9209
https://orcid.org/0000-0003-0492-4991
https://orcid.org/0000-0002-0277-3934
https://orcid.org/0000-0002-4013-7373
https://orcid.org/0000-0001-5684-9159


T. Mashimo et al.: High-Speed Visual Feedback Control of Miniature Rotating Mirror System Using a Micro Ultrasonic Motor

We have proposed and developed the micro-ultrasonic
motor using a metallic cubic stator with a hole. After demon-
strated the first micro-ultrasonic motor using one cubic mil-
limeter stator [20], the motor outputs were improved with
an optimized preload [21].Output torques obtained in exper-
iments are much larger than comparable-sized ultrasonic
motors [22], [23]. Now, this is the smallest motor that satisfies
the output specification to spin a tiny mirror for a quick and
wide angle-of-view observation. However, the orientation
sensing and control strategies have not been studied. One
difficulty of controlling the micro-ultrasonic motor is that its
size is too small to be used with an internal sensor.

In this paper, we propose the miniaturization of a rotating
mirror device by the micro-ultrasonic motor and its con-
trol strategy. Visual feedback control using mirror images
is employed because no tiny sensor attachable to the one
cubic millimeter stator exists. The use of a high-speed camera
enables the recognition of a feature in mirror images of
the tiny mirror that accelerates rapidly. Using the feedback
system, we investigate how much response and accuracy the
resulting mirror system can achieve within the milli-second-
order control loop. The contributions of this paper are sum-
marized as follows.

(1) The first feedback control of the micro-ultrasonic
motor is demonstrated. The use of a high-speed visual
feedback system enables the control of themicromotors
with a quick response that reaches the maximum speed
within milliseconds.

(2) The experiments show the feasibility of the miniature
rotating mirror with a quickness and a wide range of
motion. Although the optical system is still large, they
can be miniaturized in principle for medical applica-
tions such as endoscopes.

The rest of this paper is organized as follows. In section
II, we describe the dynamic model of the micro-ultrasonic
motors and the control strategy of the torque and angular
velocity. Section III details the visual feedback system with
an optical system and a high-speed camera. In section IV,
we demonstrate a step response and a tracking experiment
using the visual feedback control system.

II. MODELING AND CONTROL STRATEGY
A. MODELING FOR CONTROL OF ANGLE AND ANGULAR
VELOCITY
First, we explain the driving methodology of the micro-
ultrasonic motor briefly. (The detail of the driving principle
has been explained in [20]). Four piezoelectric elements,
PZT1–PZT4, are adhered to the metallic cube as shown
in Fig. 1(a). The stator uses a vibration mode that excites
three waves along the circumference of the through-hole
(Fig. 1(b)). To excite this vibration mode, voltage E1 =
AEsin(2π fE t) and its reversed phase voltage E3 =

−AEsin(2π fE t) are applied to PZT1 and PZT3, respectively.
(AE and fE are the amplitude and frequency of the applied
voltages, respectively). When these voltages are applied,

FIGURE 1. (a) Voltages E1 to E4 are applied to electrodes PZT1 to PZT4 in
the stator, respectively. (b) Vibration mode exciting three waves along the
circumference of a through-hole in stator.

PZT1 expands and PZT3 contracts or vice versa, and the
three-wave mode is excited in the stator. Likewise, when volt-
age E2 = AEcos(2π fE t) and its reversed phase voltage E4 =
−AEcos(2π fE t) are applied to PZT2 and PZT4, respectively,
the stator generates another three-wave mode with a wave-
length difference of π/2. When these voltages are applied
simultaneously, two three-wave modes are excited inside the
through-hole and the combination of these three-wave modes
produces a traveling wave. While producing the traveling
wave, an elliptical motion arises on the inner surface of the
stator and spins the mirror.

Let us describe themotion of themicro-ultrasonicmotor by
an equation of motion. In the existing literature, it is known
that the angular velocity of ultrasonic motors can be modeled
as a first-order lag system [24], even to micro-ultrasonic
motors. Considering that the micro-ultrasonic motor gener-
ates a torque τ and its rotor spins with angular velocity ω,
the equation of motion is expressed as

I ω̇ + cω = τ, (1)

where I is the moment of inertia of the rotor (mirror), and c is
a damping coefficient determined from the vibration velocity
of elliptical motions [25]. There should be an inherent friction
torque in (1), but it can be ignored because it is much smaller
than the other terms. Solving (1), the angular velocity is
obtained as

ω =
τ

c

(
1− e−

c
I t
)
. (2)

This shows the first-order lag response of the angular
velocity.

Now we consider the proportional control (p-control) for
the angle of the rotor. Another expression of (1) is that of
using the angle θ . By replacing the angular velocity ω with
an angle θ , the equation of motion is rewritten as

I θ̈ + cθ̇ = τ. (3)

When torque τ is in proportion to the error from the desired
angle θd , the proportional controller is given as

τ = kp(θd − θ), (4)

where kp is a proportional gain. Substituting (4) to (3),
the equation of motion for expressing the behavior of the
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angle θ is obtained by the second-order lag system.

I θ̈ + cθ̇ + kpθ = kpθd , (5)

where kpθ is a virtual elastic term that stops the present angle
at the desired angle. In general, the equation of motion (5) has
three kinds of solutions depending on the damping coefficient
ζ :

ζ =
c

2
√
Ikp
. (6)

Assuming that an ideal response is obtained at ζ = 1,
the angle θ is obtained by solving (5):

θ = θd (1− (1+ ωnt)e−ωnt ), (7)

where ωn is the natural frequency of the rotary system and
determines the response speed of the system:

ωn =

√
kp
I
. (8)

At the initial angle (θ = 0) in (4), the gain kp is a constant
computed from the motor torque and the desired angle in (8).
Hence ωn is also given as a constant of the system without
adjusting its value.

B. BURST WAVE CONTROL FOR TORQUE AND ANGULAR
VELOCITY
For control of the angle of the rotor, a controller is required
to change the torque in (4). We employ a burst wave con-
trol that turns the high-frequency voltages E1 to E4 on and
off [26], [27]. The wave repeating on and off with respect
to an alternative current/voltage is called ‘‘burst wave.’’
Fig. 2 shows how tomake a burst wave. As shown in Fig. 2(a),
a function generator can generate a high-frequency voltage.
A controller generates a control signal with a duty ratio
D, the ratio of the pulse width time Tw to the period T ,
as shown in Fig. 2(b). It sends the control signal to the
function generator and switches its output on and off. The
output voltage from the function generator becomes a burst
wave, which is the product of the original wave and the
control signal, as shown in Fig. 2(c). Furthermore, the high-
frequency burst wave is sent to an amplifier and is amplified.
Applying the burst wave to all voltages E1 to E4, the torque
of ultrasonic motors changes with response to the duty ratio.
Hence, the torque can be controlled by manipulating the
duty ratio of the control signal as a control input. The burst
wave control with on-and-off-based manipulation is similar
to pulse-width modulation (PWM) control used for electro-
magneticmotors, although the type of voltages differs. Seeing
a minute period of motion, the angular velocity is uneven
as shown in Fig. 2(d). E.g, the angular velocity of the rotor
shows a transient time, although it depends on the moment
of inertia and the applied voltages. To evaluate the angular
velocity, we define the average angular velocity ωa, which is
the ratio of an angular displacement1θ to the period T of the
burst wave:

ωa ,
1θ

T
≈ Dωpeak , (9)

FIGURE 2. Schematic of burst wave control. (a) Original wave from the
power supply, (b) control signal, (c) a burst wave as applied voltage, and
(d) the angular velocity generated by the burst wave in a minute period.

where ωpeak is the peak angular velocity. It nearly equals
the product of the duty ratio and the peak angular veloc-
ity, assuming that the time constant is small. The response
time that the torque reaches the peak is much faster than
the transient time of the angular velocity. This is because
the elliptical motion of themicro-ultrasonicmotor reaches the
steady state within or less than sub-milliseconds. The average
output torque τa during the period T is estimated as

τa ≈ Dτpeak , (10)

where τpeak is the peak torque of the micro-ultrasonic motor.
This average torque is used as a manipulating torque τ for
p-controller in (4): As the angle θ approaches to the desired
angle θd the torque decreases by the change of the burst wave
in (10).

III. EXPERIMENTAL SETUP
To execute a feedback control, angle sensors are necessary,
but existing sensors are much larger than our one-cubic mil-
limeter stator. We propose a visual feedback control sys-
tem of the micro-ultrasonic motor without attaching any
sensors. A high-speed camera with a frame rate of over
1000 fps is used in the system because the response of the
micro-ultrasonic motor is much faster than the frame rate of
common cameras.

A. ROTATING MIRROR USING MICRO-ULTRASONIC
MOTOR
Fig. 3 shows the micro-ultrasonic motor with a tiny rotating
mirror. The metallic part of the stator is a single bronze cube
with a side length of 1 mm and a through-hole of diameter
0.7 mm. Four piezoelectric plates (C-213, Fuji ceramics,
Fujinomiya, Japan) with side dimensions of 1 mm× 0.8 mm
and thickness of 0.3 mm adhere to the four sides of the bronze
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FIGURE 3. Micro-ultrasonic motor with a rotating mirror.

cube using an epoxy adhesive. The rotor with a 45◦ rodmirror
is inserted into the stator hole. The stator and the rotor are
pressured by the microcoil that generates a preload in the
axial direction, as shown at the left side of the stator in Fig. 3.
The preload can be known from the product of the spring
compression and the spring constant. In this prototype stator,
a preload of 1 g is roughly estimated, which is approximately
one fifth of the peak preload of using the same stator [21].
This is because a higher preload enlarges a torque and an
angular acceleration and results in the higher response that
the high-speed camera cannot track.

B. OPTICAL LENSES SYSTEM
Let us consider the optical coupling of the rotating mirror and
a camera. The simplest way is to place the camera just behind
the rotating mirror. However, it restricts the feasible angle of
view (AOV) significantly, since the aperture diameter of the
rotating mirror is quite small. Furthermore, a part of the rays
corresponding to an image point is stopped due to the size of
the rotating mirror as the blue ray bundle shows in Fig. 4(a).
This causes a reduction in the illumination at the image point
not on the optical axis (vignetting) [28]. This phenomenon
also decreases the AOV substantially. Thus, AOV would be
too small for most medical applications.

To overcome this restriction, some special optical lenses
called pupil shift system were adopted [29], [30]. The pupil
shift system transfers the position of the pupil of the camera
lens to the rotating mirror as shown in Fig. 4(b). The pupil
is a place where an aperture is placed to limit the range
of incident ray [30]. This means that all the incident ray
fan has the minimum cross-section-area at the pupil. The
pupil shift lens transfers the camera pupil to another place
in front of the camera lens optically. If we place the rotation
mirror at the shifted pupil position, almost all the incident ray
bundles can be reflected by the mirror. Thus, significantly
larger AOV can be achieved even with the small mirror for
the micro-ultrasonic motor. In the figure, the mirror diameter
and the pupil diameter of the camera are represented equally.
However, in actual experiments, the mirror diameter was
1 mm, and the camera entrance pupil diameter was set to
be 3 mm. Thus, the pupil transfer system designed to couple
them was used in the experiments.

FIGURE 4. Schematic figures of two ways of optical coupling of the
rotational mirror and a camera lens. (a) Direct coupling causes quite
small angle of view (AOV), (b) pupil shift system can steer incident rays so
that larger AOV is achieved.

C. VISUAL FEEDBACK CONTROL SYSTEM
Fig. 5(a) shows the visual feedback control system. The tiny
rotating mirror is installed into a jig connected to the motor
drive system. Through the optical lenses system, a high-speed
camera observes a rotation of the mirror and a reflection view
from the mirror. To simplify the experiments, ordinary-sized
camera and lenses are used in this paper, but they can be com-
pacted by redesigning the optical systems. That is, the opti-
cal system can work in principle when miniaturized. The
images obtained by the high-speed camera are processed by
a real-time image processing system (IDP-express R2000,
Photron, ltd., Japan) embedded in a control PC. The image
processing software can track the movement of the rotating
mirror. (A marker is attached to the mirror for pattern match-
ing in experiments). The resolution of the high-speed camera
by the image processing is 1 degree. The control signal for the
burst wave is created by the control PC and is sent to the wave
generator through a signal output interface. After accepting
the control signal, the wave generator repeats on and off in
response to the duty ratio and generates burst waves. The
system has a control frequency of 500 Hz and the resolution
of the duty ratio is 0.1. As the control angle approaches to the
desired angle, the controller changes the duty ratio.

Two burst waves are generated using a wave generator
with two channels (WF1974, NF Corp., Yokohama, Japan)
and amplified by power amplifiers (HSA4052, NF Corp.),
as shown in Fig. 5(b). In addition to the amplified voltages,
transformers generate voltages with reversed phases. For
example, when voltage E1 with a sine phase is input, voltage
E3 with a negative sine phase is output.

IV. EXPERIMENTS
First, we confirm the generation of the burst wave and exam-
ine how the angular velocity changes by the duty ratio. Sec-
ond, proportional control is implemented for positioning the
mirror at the desired angle and the experimental transient
response is comparedwith the estimation curve obtained from
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FIGURE 5. (a) Experimental setup for the visual feedback control of the
rotating mirror and (b) applied voltages to the micro-ultrasonic motor.

the equation of motion. Finally, a visual feedback control
that tracks the light of LEDs is demonstrated using the same
system.

A. RESPONSE WITH THE VELOCITY CHANGE BY BURST
WAVES
When the angular velocity is controlled by the burst wave,
the applied voltages repeat on and off during the given driving
time. The variation of the angular velocity caused by this
repetition can be observed by another high-speed camera with
a frame rate of 4000 fps (VW-9000, Keyence co., Japan).
Fig. 6 shows an example of the angular velocity when the
burst wave voltages have a period of 2 ms and a duty ratio
of 0.4. During this experiment, an amplitude of AE = 100
Vp-p and a frequency fE = 1005 kHz are constant. The rotor
repeats a start and stop during the several periods and makes
the angular velocity vibrational as estimated in Fig. 2(d).
Although this behavior is unsuitable for a very fast control
within a few milliseconds, the averaged angular velocity or
torque enables accurate positioning control.

Before demonstrating the control, let us examine the con-
trollability by the burst wave. We examine how the aver-
age angular velocity and torque behave with the change in
the duty ratio of the burst waves. The transient response of
the angular velocity is measured by the high-speed camera,
in which the image software tracks a marker attached to the
mirror. The angular velocity and angular acceleration are cal-
culated by time derivation of the displacement in subsequent

FIGURE 6. Example of the angular velocity changed by the burst wave
when the duty ratio D = 0.4.

FIGURE 7. The behavior of the averaged angular velocity and torque
when the duty ratio changes.

images captured in the high-speed camera. The motor torque
is estimated as the product of the moment of inertia and
the angular acceleration. The angular velocity and torque are
averaged because the first-order and second-order derivatives
enlarge the error. Fig. 7(a) and (b) shows the relationship of
the duty ratio with the average angular velocity and torque,
respectively. A higher duty ratio obtains a higher angular
velocity and torque. Experimental plots of the average angu-
lar velocity are almost on a linear approximated line. On the
other hand, variation in averaged torques from the approx-
imated line occurs. This is because the torque is estimated
from the first several steps after the start of motion while the
angular velocity is measured at the stable steady state.

B. VISUAL FEEDBACK CONTROL
Let us implement the control strategy into the visual feedback
control system. The angle of the mirror is recognized by
the high-speed camera and is fed back to the motor drive
system. Two transient responses with and without p-control
are shown when the desired angle of 90◦ is given and voltages
are applied (AE = 100 Vp-p, fE = 1005 kHz). Fig. 8(a)
shows the transient responses of the mirror/rotor angle with-
out p-control. When the desired angle (dashed line) is given,
the control PC sends the signal to drive the motor. In the case
without p-control, as shown by plots, the angular velocity of
themirror rotor reaches the peak angular velocity within a few
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FIGURE 8. Transient response of the rotating mirror. (a) Behavior without
control and (b) behavior with p-control.

TABLE 1. Model parameters for simulation.

milliseconds. After the mirror angle reached to the desired
angle, the control PC send a signal to stop the motion of
the mirror, as with a bang-bang control. A large error occurs
between the desired and present angles because of the delay
time of the control system. Fig. 8(b) shows the motion with p-
control. As the angle approaches the desired angle, the torque
decreases based on the p-control shown in (4), and the angle
positions at desired angle accurately. The transient response
with p-control is in good agreement with the estimation curve
shown in the solid line obtained from (7). The model parame-
ters for the estimation are shown in Table 1. The torque τpeak
is obtained experimentally. The natural angular frequency ωn
is obtained by adjusting a proportional gain kp in (8) because
the moment of inertia is determined by the rotor design.

Fig. 9 confirms the repetition of the step response when the
desired angle is given by intervals of 24 ms. It shows the good
repeatability of the motion without overshoot. Due to the
constant sampling frequency, the number of plots reduces and
errors enlarge at the smaller desired angle. At a desired angle
less than 6 degrees, the positioning error increases because
of the lack of the sampling frequency. We show another
demonstration using the visual feedback control system: It
is a clock motion that moves the desired angle of 6 degrees
clockwise every second. The mirror/rotor chases the desired
angle quickly with p-control. (See a supplemental video clip:
‘‘1. Clock second hand motion’’).

FIGURE 9. Time history response of the mirror angle when the desired
angle move 6 degrees by intervals of 24 ms clockwise.

FIGURE 10. Experimental setup for tracking the movement of lights from
LEDs.

C. TRACKING EXPERIMENT
To demonstrate the visual feedback control, the rotating
mirror tracks the movement of a light emitted by LEDs.
Fig. 10 shows the setup for the tracking experiment: the
rotating mirror is installed at a height of 85 mm and the five
LEDs are aligned at intervals of 10 mm. The angle between
the two LEDs is approximately 6.7 degrees. The total angle
of the five LEDs is about 26.8 degrees. In the algorism,
the desired position in the image is set to be the center of
the field so that the target is tracked within the field of view.
The computation time for image processing is within 1 ms.

When an LED turns off and another LED turns on, the con-
trol system sends a signal to spin the mirror and control the
motor speed. Fig. 11(a) shows the high-speed camera view
when the rotating mirror pointing LED1 moves to the light of
LED2. In the first image at t = 0 ms, the LED1 lights and
there is an unlighted LED2 in the right side of the view field.
When LED1 is off and LED2 is on at t = 1 ms, the system
recognizes the change and immediately spins the mirror until
the light of LED2 places at the center of the image field.
This motion takes approximately 5 ms from the start to the
stop. Fig. 11(b) shows the camera view when the LED light
moves with a time interval of 24 ms from LED1 to LED5 in
order or vice versa. (The motion of the rotating mirror can
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FIGURE 11. Camera images obtained in tracking experiment when the
light of LEDs moves. (a) The control system rotates the mirror from
LED1 to LED2. (b) The system tracks the light of LEDs in order.

be seen in another supplemental video clip: ‘‘2. Tracking
experiment’’). Positioning errors are seen in the images —
the light of LEDs is not at the center of the field of view. This
is because the micro-ultrasonic motor still lacks high resolu-
tion. In principle, the ultrasonic motors using a piezoelectric
drive have a very high resolution, but the micro-ultrasonic
motor is sensitive to the friction between the stator and
mirror.

V. CONCLUSION
In this paper, we achieved the first feedback control of the
micro-ultrasonic motor and showed the feasibility of the
miniature rotating mirror system with a quick and wide range
of motion. The proposed rotating mirror system can change
its rotational speed and spin the tiny mirror endlessly, unlike
mostMEMSmirrors with a limited range of motion.Whereas
the optical lenses used in this paper are still large, they can be
miniaturized in principle for usage inside endoscopes.

Our next goal is to integrate the miniature-rotating mir-
ror to a new miniature optical system with small diameter
lenses and a coaxial light source in the prototype with an
inner diameter of 10 mm. Building a coaxial light source
is important because the images obtained by the reflection
of the tiny mirror lack a sufficient amount of light. In addi-
tion, as with the optical systems, a miniature image sensor
with high sensitivity is important. In the past several years,
high-sensitive image sensors have been developed for many
camera applications. We will obtain a smaller image sensors
with high sensitivity in the future. The positioning accuracy
can be improved with the image processing because ultra-
sonic motors have high resolution. The technologies shown in
this paper will bring benefits to a wide range of applications
such as industrial endoscopic inspections and infrastructural
in-pipe inspections.

REFERENCES
[1] B. P. M. Yeung and P. W. Y. Chiu, ‘‘Application of robotics in gastroin-

testinal endoscopy’: A review,’’ World J. Gastroenterol., vol. 22, no. 5,
pp. 1811–1825, 2016.

[2] G. Ciuti, R. Calio, D. Camboni, L. Neri, F. Bianchi, A. Arezzo,
A. Koulaouzidis, S. Schostek, D. Stoyanov, C. M. Oddo, B. Magnani,
A. Menciassi, M.Morino,M. O. Schurr, and P. Dario, ‘‘Frontiers of robotic
endoscopic capsules: A review,’’ J. Micro-Bio Robot., vol. 11, nos. 1–4,
pp. 1–18, Jun. 2016.

[3] J. Gafford, H. Aihara, C. Thompson, C. Walsh, and R. Wood, ‘‘Fuzzy-
based feedback control of a tip-mounted module for robot-assisted
endoscopy,’’ in Proc. IEEE/RSJ Int. Conf. Intell. Robots Syst. (IROS),
Madrid, Spain, Oct. 2018, pp. 8019–8026.

[4] A. De Greef, P. Lambert, and A. Delchambre, ‘‘Towards flexible medical
instruments: Review of flexible fluidic actuators,’’ Precis. Eng., vol. 33,
no. 4, pp. 311–321, Oct. 2009.

[5] M. Cianchetti, T. Ranzani, G. Gerboni, T. Nanayakkara, K. Althoefer,
P. Dasgupta, and A. Menciassi, ‘‘Soft robotics technologies to address
shortcomings in Today’s minimally invasive surgery: The STIFF-FLOP
approach,’’ Soft Robot., vol. 1, no. 2, pp. 122–131, Jun. 2014.

[6] H. Ishihara, F. Arai, and T. Fukuda, ‘‘Micro mechatronics and micro
actuators,’’ IEEE/ASME Trans. Mechatronics, vol. 1, no. 1, pp. 68–79,
Mar. 1996.

[7] A. Inoue, B. Shen, and A. Takeuchi, ‘‘Developments and applications of
bulk glassy alloys in late transition metal base system,’’ Mater. Trans.,
vol. 47, no. 5, pp. 1275–1285, 2006.

[8] M.Quirini, A.Menciassi, S. Scapellato, C. Stefanini, and P. Dario, ‘‘Design
and fabrication of a motor legged capsule for the active exploration of the
gastrointestinal tract,’’ IEEE/ASME Trans. Mechatronics, vol. 13, no. 2,
pp. 169–179, Apr. 2008.

[9] L.-S. Fan, Y.-C. Tai, and R. S. Muller, ‘‘IC-processed electrostatic micro-
motors,’’ Sens. Actuators, vol. 20, nos. 1–2, pp. 41–47, Nov. 1989.

[10] S. C. Jacobsen, R. H. Price, J. E. Wood, T. H. Rytting, and M. Rafaelof,
‘‘The wobble motor: Design, fabrication and testing of an eccentric-motion
electrostatic microactuator,’’ in Proc. Int. Conf. Robot. Autom., Jan. 2003,
pp. 1536–1546.

[11] K. Takemura, H. Kozuki, K. Edamura, and S. Yokota, ‘‘Amicromotor using
electro-conjugate fluid—Improvement of motor performance by using
saw-toothed electrode series,’’ Sens. Actuators A, Phys., vol. 140, no. 1,
pp. 131–137, Oct. 2007.

[12] T. Sashida and T. Kenjo, An Introduction to Ultrasonic Motors. Oxford,
U.K: Clarendon, 1993.

[13] T. Morita, ‘‘Miniature piezoelectric motors,’’ Sens. Actuators A, Phys.,
vol. 103, no. 3, pp. 291–300, Feb. 2003.

[14] K. Uchino, S. Cagatay, B. Koc, S. Dong, P. Bouchilloux, and M. Strauss,
‘‘Micro piezoelectric ultrasonic motors,’’ J. Electroceram., vol. 13, no. 1,
pp. 393–401, Jul. 2004.

[15] B. Watson, J. Friend, and L. Yeo, ‘‘Piezoelectric ultrasonic micro/milli-
scale actuators,’’ Sens. Actuators A, Phys., vol. 152, no. 2, pp. 219–233,
Jun. 2009.

[16] D. K.-C. Liu, J. Friend, and L. Yeo, ‘‘A brief review of actuation
at the micro-scale using electrostatics, electromagnetics and piezoelec-
tric ultrasonics,’’ Acoust. Sci. Technol., vol. 31, no. 2, pp. 115–123,
2010.

[17] A. Iino, K. Suzuki, M. Kasuga, M. Suzuki, and T. Yamanaka, ‘‘Develop-
ment of a self-oscillating ultrasonic micro-motor and its application to a
watch,’’ Ultrasonics, vol. 38, nos. 1–8, pp. 54–59, Mar. 2000.

[18] T. Morita, M. K. Kurosawa, and T. Higuchi, ‘‘A cylindrical shaped micro
ultrasonic motor utilizing PZT thin film (1.4 mm in diameter and 5.0 mm
long stator transducer),’’ Sens. Actuators A, Phys., vol. 83, nos. 1–3,
pp. 225–230, May 2000.

[19] T. Kanda, A. Makino, T. Ono, K. Suzumori, T. Morita, and
M. K. Kurosawa, ‘‘A micro ultrasonic motor using a AC cylindrical
bulk PZT transducer,’’ Sens. Actuators A, Phys., vol. 127, no. 1,
pp. 131–138, Feb. 2006.

[20] T. Mashimo, ‘‘Micro ultrasonic motor using a one cubic millimeter stator,’’
Sens. Actuators A, Phys., vol. 213, pp. 102–107, Jul. 2014.

[21] T. Mashimo, ‘‘Miniature preload mechanisms for a micro ultra-
sonic motor,’’ Sens. Actuators A, Phys., vol. 257, pp. 106–112,
Apr. 2017.

[22] B. Watson, J. Friend, and L. Yeo, ‘‘Piezoelectric ultrasonic resonant motor
with stator diameter less than 250 µm: The proteus motor,’’ J. Micromech.
Microeng., vol. 19, no. 2, Feb. 2009, Art. no. 022001.

[23] L. Yan, D. Liu, H. Lan, and Z. Jiao, ‘‘Compact traveling wave micromotor
based on shear electromechanical coupling,’’ IEEE/ASME Trans. Mecha-
tronics, vol. 21, no. 3, pp. 1572–1580, Jun. 2016.

[24] N. W. Hagood and A. J. McFarland, ‘‘Modeling of a piezoelectric rotary
ultrasonic motor,’’ IEEE Trans. Ultrason., Ferroelectr. Freq. Control,
vol. 42, no. 2, pp. 210–224, Mar. 1995.

[25] T. Mashimo and K. Terashima, ‘‘Dynamic analysis of an ultrasonic motor
using point contact model,’’ Sens. Actuators A, Phys., vol. 233, pp. 15–21,
Sep. 2015.

38552 VOLUME 8, 2020



T. Mashimo et al.: High-Speed Visual Feedback Control of Miniature Rotating Mirror System Using a Micro Ultrasonic Motor

[26] K. Nishibori, S. Kondo, H. Obata, and S. Okuma, ‘‘PWM driving charac-
teristics of robot handwith fingers using vibration-type ultrasonic motors,’’
in Proc. 23rd Int. Conf. Ind. Electron., Control, Instrum. (IECON), vol. 3,
Nov. 2002, pp. 1355–1360.

[27] J. Liu, Y. Liu, L. Zhao, D. Xu, W. Chen, and J. Deng, ‘‘Design and
experiments of a single-foot linear piezoelectric actuator operated in a step-
ping mode,’’ IEEE Trans. Ind. Electron., vol. 65, no. 10, pp. 8063–8071,
Oct. 2018.

[28] W. J. Smith, Modern Optical Engineering, 3rd ed. New York, NY, USA:
McGraw-Hill, 2000.

[29] K. Okumura, H. Oku, and M. Ishikawa, ‘‘High-speed gaze controller for
millisecond-order pan/tilt camera,’’ inProc. IEEE Int. Conf. Robot. Autom.,
May 2011, pp. 6186–6191.

[30] K. Okumura, K. Yokoyama, H. Oku, andM. Ishikawa, ‘‘1 ms auto pan-tilt–
video shooting technology for objects in motion based on saccade mirror
with background subtraction,’’ Adv. Robot., vol. 29, no. 7, pp. 457–468,
Apr. 2015.

TOMOAKI MASHIMO (Member, IEEE)
received the Ph.D. degree in mechanical engi-
neering from the Tokyo University of Agricul-
ture and Technology, Japan, in 2008. He was
a Robotics Researcher with the Robotics Insti-
tute, Carnegie Mellon University, Pittsburgh, from
2008 to 2010. After being an Assistant Professor
(tenure-track) with the Toyohashi University of
Technology, in 2011, he became an Associate
Professor, in 2016. His research interests include
piezoelectric actuators and robotic applications.

SHUNSUKE IZUHARA (Member, IEEE) received
the B.E. and M.E. degrees from the Toyohashi
University of Technology, Japan, in 2017 and
2019, respectively, where he is currently pursuing
the Ph.D. degree. His research interest includes
micro piezoelectric actuators.

SHIRO ARAI received the B.E. and M.E. degrees from the Toyohashi
University of Technology, Japan, in 2017 and 2019, respectively. He is
currently an Engineer with DENSO Corporation.

ZHONG ZHANG (Member, IEEE) received the
B.E. and M.E. degrees from Xi’an Highway Uni-
versity, China, in 1982 and 1984, respectively,
and the Ph.D. degree from Okayama University,
Japan, in 1993. He was a Visiting Scholar with
The University of Melbourne, Australia, in 1998.
He was engaged in studies regarding intelligent
systems and signals, and image processing, as a
Senior Researcher with the Industrial Technology
Center of Okayama Prefecture and an Associate

Professor with Okayama Prefectural University. He is currently a Professor
with the Toyohashi University of Technology.

HIROMASA OKU (Member, IEEE) received
the Dr.Eng. degree in mathematical engineering
and information physics from The University of
Tokyo, Japan, in 2003. He was a Researcher
with the PRESTO, Japan Science and Technology
Agency, from 2003 to 2005. He was a Research
Associate, an Assistant Professor, and a Lec-
turer/Assistant Professor from The University of
Tokyo, from 2005 to 2007, from 2007 to 2011, and
from 2011 to 2014, respectively. He has been an

Associate Professor with the School of Science and Technology, Gunma
University, since 2014. His research interests include high-speed image
processing, high-speed optical device, and dynamic image control.

VOLUME 8, 2020 38553


