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ABSTRACT Micromotors are of great interest not only for the miniaturization of current products but
also for the realization of future micromachines that can explore challenging environments. The speed of
downsizing actuators is slower than that of semiconductor components, but developments over the last two
decades have overcome several difficulties and enabled engineers to start designing applications. In this
article, we review the existing micromotors ranging from famous articles to state-of-the-art, in particular
recent developments and their applications. We deal with three representative principles for rotary and
linear micromotors: electromagnetics, electrostatics, and piezoelectricity. Another purpose of this article is to
suggest design criteria and physical limitations on these principles for engineers who design millimeter-scale
automation devices. Incorporating micromotors can permit space saving and improve design flexibility in
application designs, such as smartphones and medical devices.

INDEX TERMS Micromotors, microactuators, micromechatronics, piezoelectric actuators, ultrasonic
motors.

I. INTRODUCTION
Micromotors have much potential to revolutionize current
micromachine technologies, such as a narrow space inspec-
tion and minimally invasive diagnoses and treatments. For
example, a tiny camera and forceps, activated bymicromotors
in a millimeter-scale capsule endoscope, can execute tasks
within the body: it will be able to automatically explore
the interior of hollow organs or cavities, perform biopsies,
and exit with the obtained samples. A similar concept was
depicted in the film Fantastic Voyage over half a century ago:
a miniaturized submarine navigates through blood vessels
to defeat harmful viruses. Since this film, researchers have
imagined and created many miniaturization technologies, but
the realization of multi-functional robotic capsules remains
under development.

After the emergence of the semiconductor industry in
the 1970s, with the rapid evolution of its technologies,
downsizing microcontrollers and microsensors has undoubt-
edly undergone outstanding progress. Many microcontrollers
are smaller than a grain of rice, and one-cubic-millimeter
image sensors and 6-axis IMUs can be implemented in
millimeter-scale applications. By contrast, the development
of micromotors has been gradual—it takes a long time to
study their behaviors because traditional fabrications and
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measurements are unusable at very small scales; therefore,
novel technologies and apparatuses are required.

Typically, three driving principles are well known as
prospective micromotors: electrostatics, electromagnetics,
and piezoelectricity. Electrostaticmotors have relatively good
scalability, which has led to their successful demonstration
in the realm of microelectromechanical systems (MEMS).
Electrostatic forces have widely used in many MEMS sen-
sors, but their weak driving torque has limited their further
deployment as micromotors. Electromagnetic motors are the
most commonly used actuators in various industries. The use
in microscales requires the miniaturization of components,
such as coils, magnets, and bearings, and encounter severe
torque dissipation due to the scaling. Nevertheless, progress
in the past decade has overcome many of these difficulties,
and the implementation of electromagnetic micromotors has
commenced for clinical applications. Piezoelectric ultrasonic
motors may be the most prominent micromotor because of
their high torque density and simple components. In fact, lin-
ear ultrasonic motors dominate at the millimeter-scale appli-
cations, such as camera modules. In recent years, a variety
of piezo-based micromotor designs have been proposed and
experimentally characterized.

This article aims to introduce the recent advances in
micromotors and their applications. Several researchers have
reviewed microactuators/micromotors. The first review arti-
cle published over 20 years ago addresses the three main
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FIGURE 1. Generation of the electrostatic force between the two
electrodes.

principles and others [1]. After that, several further review
articles have been reported, specifically electromagnetic
motors [2], ultrasonic motors [3], [4], and multiple prin-
ciples [5]–[7]. In this past decade since the publication of
these reviews, advances of micromotors have been observed.
Besides, we aim to discuss the key characteristics of the
three driving principles on a comparable table. Such a dis-
cussion suggests what current best micromotors are and how
micromotors can be integrated into future millimeter-scale
applications.

Before starting the review of the micromotors, we define
the range of this article. Generally, the term ‘‘micromotors’’
includes actually micrometer-scale motors to relatively small
motors with millimeter dimensions or more. In considering
millimeter-scale applications (or future sub-millimeter appli-
cations), this article deals with micromotors with volumes
of less than roughly 100 mm3. MEMS electrostatic actu-
ators with microscopic strokes are excluded because they
are designed for particular microdevices, such as sensors
[8], fluidic devices [9], and endoscopes [10]. Microactua-
tors/micromotors driven by external magnetic fields are also
beyond the scope of this article because they require large
electromagnetic coils at external sites. For example, a micro-
motor using a carbon nanotube is the smallest rotor reported
to date [11], but it needs large coils outside the rotor to
operate. Microactuators in microrobots are among the most
interesting topics in robotics [12], [13], but those that use
external magnetic force are excluded.

II. ELECTROSTATICS
A. PRINCIPLE AND SCALING
Let us introduce the principle and the scaling of electro-
static micromotors on their fundamental physics. The scale
of physical magnitudes is expressed as a length parameter l.
Fig. 1 shows the simplest electrostatic force model: two par-
allel plate electrodes generate an attractive force upon each
other. When a voltage V is applied to the two electrodes with
an area S, the force Fes acts between the two plates with a
distance d :

Fes =
εS
2

(
V
d

)2

=
εS
2
E2 (1)

where ε is the permittivity and is scale independent (ε ∝ l0).
When the model downsizes with a constant voltage, the area
decreases with a scale of l2(S ∝ l2) and the electric field
increases with l2 (E ∝ l−2). Because the scales of the area
and the electric field are canceled out in (1), the electrostatic
force is ideally constant regardless of the size. However,
there is a limitation of this electric field applied to electrodes

FIGURE 2. (a) SEM image of the electrostatic micromotor [14] and (b) the
principle of harmonic (wobble) side-drive motors.

because of the breakdown between them known as Paschen’s
law. Based on the law, the applied voltage decreases with
miniaturization. Assuming that the electric field remains
constant as l0, the electrostatic force scales as l2

(
Fes ∝ l2

)
.

When the electrostatic force is transferred to continuous
rotary motion by the rotary constraint, the torque is expressed
as the product of the force and radius: τes = Fesr . As the
radius r of the rotor is one-dimensional and scales as l1, the
resultant torque scales as l3(τes ∝ l3). Assuming that the
microscopic velocity between the stator and rotor is constant
regardless of the radius, the angular velocity scales as l−1.
Smaller stators result in higher angular velocities because
the angular velocity is inversely proportional to the size. The
decrease in the torque and the increase in revolutions at small
radii are observed as in other micromotors regardless of the
principles.

B. REVIEW OF ELECTROSTATIC MICROMOTORS
Electrostatic micromotors were first unveiled in the late
1980s as the first promising micromotor design and were
regarded as one of the earliest achievements in MEMS.
Several electrostatic micromotors using silicon-based micro-
fabrication techniques have been designed and demonstrated
[14], [15]. They are driven by a variable capacitance that
changes between a rotor and a stator yoke. The variable
capacitance micromotors have succeeded in spinning a rotor
with a small diameter of less than 100 µm and a thickness
of a few microns. They are called side-drive motors because
the electrostatic force transfers to the radial (side) direction.
Fig. 2(a) shows an SEM image of the earliest electrostatic
micromotor [14]. The center of the cross-shape rotor with
four salient poles is constrained on the silicon substrate. The
stator with 12 electrodes is placed around the rotor. The rotor
spins due to the electrostatic attraction force when the voltage
is applied to the stator electrodes. The voltage behaves as a
three-phase electric power system, and the angular velocity
varies with the voltage frequency. The peak torque value is
of the order of 10 pNm at an angular velocity of 15,000 rpm
[16], [17].

A problem that restricts the increase in torque is the friction
between the stator and rotor. A concept that overcomes the
friction problem is a harmonic (wobble) side-drive design
[15], [18]. Unlike the salient pole-based design, the rotor has a
ring shape with an outer circumference, as shown in Fig. 2(b).
The electrostatic force attracts the rotor via an electric field,
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which then contacts the stator electrode. A voltage applied
to the next electrode moves the rotor circumferentially, and
the successive change in the voltage rolls the rotor. The
rolling motion reduces friction loss and improves torque. The
reference [18] shows many torque-speed curves of wobble
side-drive motors. Although the torque estimated from the
change in oil viscosity might include errors, the resultant
torque is of the order of a nano-newton meter, which is thou-
sands of times larger than the original torque (i.e., the data
show a torque of 15 nNm at 700 rpm.) A long cylindrical
stator with large electrodes has been proposed to obtain
higher torque [19]. Using the wobble motion, the stator with a
diameter of 1.4 mm and a length of 5 mm has been improved
to a 1.7 µNm torque.
More than ten years after the earliest development stages,

electrostatic motors with high power were expected for
micropower generators. The motor structure used for a higher
output was a top-drive design that transfers electrostatic force
in an axial direction between the stator and rotor planes.
The difficulty of fabrication and the instability during the
rotation has been pointed out in the past [20]. The use of
micro balls stabilizes the rotation, resulting in a relatively
high torque of over 5 µNm with a diameter of 14 mm [21].
(A similar idea was used for a linear electrostatic motor [22],
but the energy density was small.) The electrostatic induction
motors reported for micropower generators have the highest
energy density in the electrostatic motors. The first induction
micromotor concept was proposed and investigated in the late
1980s [23]. The design comprises two plates separated by an
air gap. The rotor disk is coated with a conductive film, and
the stator disk is covered with an array of radial electrodes.
When voltages are applied to the stator, charges are induced
on the rotor film, which generates tangential electrostatic
force. A prototype of the induction motor has been built, and
its experiment shows a torque of 3.5 µNm and speeds of over
55,000 rpm with a 4 mm diameter [24], [25].

The electrostatic motors shown above were reported up
until 2010. Although electrostatic actuators play an essential
role in sensing physical magnitudes in MEMS applications,
remarkable advancements in electrostatic micromotors have
not been appeared in the past decade.

III. ELECTROMAGNETICS
A. PRINCIPLE AND SCALING
In this section, let us explain a typical driving principle of
electromagnetic motors. A simple model should be satisfac-
tory to explain how motor output behaves at a small scale.
Fig. 3(a) shows one cycle of a coil with a depth L and radius
r . Two permanent magnets located near the coil generate a
magnetic flux density B. In this case, the coil is a rotor, and
the magnet is a stator. When the voltage is applied to the coil
and a current i flows in the magnetic field, Lorentz force F
is generated based on Fleming’s left-hand rule. The Lorentz
force that acts on the wire is

Fem = BLi. (2)

FIGURE 3. Generation of the electromagnetic force in coil models.

The depth L of the coil is one-dimensional and scales as
l1

(
L ∝ l1

)
. The scaling laws of the voltage and current

are used to estimate how much voltage can be applied and
how much current can flow. These estimates are important
for detecting the breakdown voltage or current in semicon-
ductor circuits when miniaturized. Assuming that the volt-
age and the magnetic field remain constant regardless of
the size

(
B ∝ l0

)
, the breakdown current depends on the

cross-sectional area of the coil as l2
(
i ∝ l2

)
. Hence, the

resultant force scales as l3
(
Fem ∝ l3

)
. This is known as

the scaling law of electromagnetic force [26].
The force generated on the coil is transferred to torque by a

rotary constraint. By multiplying the force with the rotational
radius r , the torque is τem = BLir . Because the radius r
of the coil is one-dimensional and scales as l1, the resultant
torque scales as l4(τem ∝ l4). A research group has presented
an interesting report showing the relationship between the
size and torque across a vast number of commercially avail-
able electromagnetic motors [27]. According to the survey,
the torque behaves as τ ∝ m1.27, which is equivalent to
τ ∝ l3.81. The angular velocity of the rotor scales as l−1

under a constant magnetic field. In other words, the physical
law decreases the torque and increases the angular velocity
with miniaturization.

B. REVIEW OF ROTARY ELECTROMAGNETIC
MICROMOTORS
There are rotary and linear types in electromagnetic micro-
motors, andmost existing articles are classified into the rotary
ones. In the early 1990s, the miniaturization of rotary elec-
tromagnetic motors began with the MEMS processes. One
of the first electromagnetic micromotors is a reluctance (syn-
chronous) motor that induces nonpermanent magnetic poles
on a ferromagnetic rotor. A LIGA process, which creates high
aspect ratio structures, succeeded in fabricating a Ni-core
rotor with a diameter of 423µm and a thickness of 55µm and
reaching a rotation speed of 12,000 rpm [28]. A reluctance
motor with a Ni-Fe-core rotor with similar dimensions has
exhibited a torque of 3.3 nNm [29]. In the same years, per-
manent magnet micromotors with a diameter of 1 mm have
shown a higher torque of over 100 nNm [30]. These torques
are tens of times higher than those of electrostatic motors
reported before that time.

Since the 2000s, several electromagnetic micromotors
with a larger diameters have been proposed for micropower
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generators [31]. Most of these are built by silicon-based
fabrication. The use of permanent magnets has led to higher
outputs [32]; one example has shown an output torque of
0.37 µNm and a speed of 39,200 rpm with a diameter of
2 mm [33]. Induction motors (asynchronous motors) that use
electromagnetic induction from the magnetic field generated
by stator winding have also been tested [34]. The use of a
Ni-Fe rotor with a 4 mm diameter and 500 µm thickness
enhances the torque up to 4.8 µNm [35]. The most powerful
electromagnetic micromotors have used a top-drive structure
that generates a magnetic force in vertical (axial). The output
with a torque of 100 µNm and a speed of 140,000 rpm has
also been obtained, although the rotor diameter of 8 mm is
larger than that of other designs [36]. The other powerful
micromotor is the brushless DC motors. These demonstrate
a high efficiency of 40% [37] and a relatively high output
(35µNm and 40,000 rpm) with a diameter of less than 10mm
[38], [39]. Recent focus has been on the improvement of the
fundamental characteristics of component technologies, such
as a magnetization process to optimize the magnetic field
for micromotors [40]. Their flat shape design is essential for
specific applications, but we have not been aware of cases of
silicon-based miniature motors being implemented in some
practical applications.

In terms of implementation, the electromagnetic micro-
motors manufactured by firms are of great interest. Unlike
silicon-based MEMS processes, they have been fabricated
through miniaturization processes. In 1995, Denso Co.,
an auto parts company, have built a micromotor with dimen-
sions of 2 mm × 3.7 mm × 0.5 mm for a toy car of 7 mm
[41]. Mitsubishi Electronics’ micromotor was a reluctance
motor using a stator with a diameter of d = 1.6 mm and a
length of L = 2 mm. The fabrication, assembly, and testing
methodologies for Mitsubishi’s motors were developed and
detained in 2002. (The four articles were written in Japanese
(e.g., [42]), but only one of them was partly published in
English [43]). The resultant micromotors have generated a
torque of 1.5 µNm and a speed over 40,000 rpm, but they
have not been released commercially. Famous electric motor
companies such as Maxon and Faulhaber are providing small
motors to a wide range of industries. The specifications of
these small motors (e.g., EC4, Maxon Motor AG, Switzer-
land) include a torque of 240mNm and a speed of 35,400 rpm
at d = 4 mm and L = 16 mm [44]. In terms of the design,
the length is much longer than that of MEMS micromotors
to obtain larger torques. Recently, university research groups
also have reported synchronous micromotors without the
silicon-based processes [45], [46].

Because a decrease in torque is inevitable with minia-
turization, the microgears perform an essential function in
obtaining a practical level of torque. Note that they increase
static torque, which transfers a large force to a load, but do
not accelerate the rotor’s response speed. Two commonly
used fabrication methodologies for microgears exist: LIGA
and injection molding. The LIGA process has been used to
cut gear teeth [47], [48], and the set of micromotors and

FIGURE 4. Commercially available electromagnetic micromotors.
(a) Namiki’s geared motor [51] and (b) Kinetron’s micromotor [60].

microgears has shown a stall torque of 150 µNm after ampli-
fication by the gear ratio. The most well-used microgears are
plastic watch gears, made by injectionmolding, but the plastic
materials lack the stiffness for large torque transmission.
Metallic glass, a solid amorphous metal with a disordered
atomic-scale structure, has been studied as a potentially suit-
able material for microgears [49], [50]. This leads to high
stiffness and durability, as well as gears that are made of
metallic materials. Micromotors with metallic glass planetary
gearheads have been released by Namiki Precision Jewel
Co., Japan (Fig. 4(a)). The original micromotor with d =
2 mm and L = 6 mm operates at a torque and speed of the
order of 10 µNm and 100,000 rpm (SBL02-06 [51]), and
users can select the gear ratio connected to the motor [52].
The microgeared motors can amplify the original torque to
a static torque of up to 1024 at maximum. This motor-gear
set has been used for capsule endoscopes to conduct biop-
sies [53], [54]. Using microgear heads obviously brings a
great benefit to applications, but their development entails
long time periods and high costs for universities.

In the mid-2010s, medical imaging systems began to
employ micromotors. Namiki’s micromotor without a gear-
head has been chosen for ultrasonic endoscopies [55] and
optical coherence tomography (OCT) [56]–[58]. Such clin-
ical applications may be a significant progress in this decade,
and a review article has already summarized a series ofmotor-
ized medical approaches [59]. Another practical micromotor
for clinical applications is a synchronous micromotor com-
prising flexible printed coils and a permanent magnet rotor
(Fig. 4(b)) [60]. It is produced by Kinetron, a microgenerator
company that collaborated to build a micromotor with gears
by LIGA processes [47]. The stator with d = 1 mm and L =
2 mm has demonstrated a torque up to 1 µNm and speed
up to 200,000 rpm. This motor has also been implemented
into several medical applications, such as OCTs [61]–[63].
Besides, another research group has used a larger micromotor
with a diameter of 3.2 mm for the same purposes [64].

C. REVIEW OF LINEAR ELECTROMAGNETIC
MICROMOTORS
Fig. 3(b) shows a simple model of electromagnetic linear
actuators. When a voltage is applied to the coil (stator), the
movable permanent magnet (slider) generates the Lorentz
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force that moves the slider linearly. The force of linear elec-
tromagnetic motors is determined by the same form as (1),
and it scales as l3. The theoretical velocity is constant even at
a smaller scale, unlike the speed of the rotary motors.

Let us survey the research into the miniaturization of lin-
ear electromagnetic motors. The study of the linear electro-
magnetic micromotors has also started in the early 1990s
at around the same time as rotary ones. Several prototypes
were built, but the strokes (less than 100 µm) were too small
to be used for linear actuators, except for MEMS applica-
tions [65]–[67]. For actuators with a stroke over 0.1 mm, sev-
eral silicon-based linear micromotors with millimeter-scale
dimensions are shown [30], [68]–[71]. In these, a micromotor
of 4 mm × 6 mm × 0.6 mm (estimated size) can gener-
ate a force of 1 mN with a stroke of 0.3 mm [70]. How-
ever, it appears that few applications can exploit the limited
stroke.

One of the most well-used linear electromagnetic motors
is the voice coil motor (VCM). A well-known application
of VCMs is hard disk drives [72], [73]. In relation to the
positioning control of VCMs, their fundamental characteris-
tics in terms of design, modeling, and actuation have been
summarized in an earlier review article [74]. Nowadays,
VCMs are widely used in camera modules for a variety of
applications, such as smartphones. Miniature VCMs have
been studied for such applications, with sizes ranging from
9.5 mm × 9.5 mm × 7.6 mm to 6.5 mm × 6.5 mm ×
4.6 mm [75], [76] for smartphones. The magnetic attraction
force is approximately 10 mN to 20 mN, which satisfies the
specification for controlling a lens group in camera modules.
With the rapid spread of imaging devices in this decade,
a variety of technologies associated with VCMs have been
investigated, such as cellphone image stabilizer units [77]
and a miniature camera module with an auto-focusing and
zooming features [78]. These technologies are expected to be
incorporated into next-generation imaging devices, such as
smartphones, drones, and action cameras.

IV. PIEZOELECTRIC ULTRASONICS
A. PRINCIPLE AND SCALING
The piezoelectric equation expresses the force/stress that the
piezoelectric actuators generate. When stress T and electric
field E are applied to the piezoelectric element, the strain S
produced is as follows:

S = sET + dE (3)

where sE is compliance under a constant electric field and d is
a piezoelectric constant. The first term on the right-hand side
is known as Hooke’s law, and the second term is the inverse
piezoelectric effect. This piezoelectric equation is scale-free:
the variables are constant regardless of the change in size.
The stress of a piezoelectric transducer scales as l0, and the
net force scales as F ∝ l2. When this force is transferred
to the rotor, the torque scales as τ ∝ l3. The commercially
available ultrasonic motors have shown good agreement with
the torque scale as τ ∝ l3 [79], although the number of

FIGURE 5. Driving principle of rotary piezoelectric ultrasonic motors.

samples is minimum. In this model, several experimental
factors vary the scaling laws, e.g., the resonant frequency
increases with miniaturization, and higher frequencies result
in a higher resonance resistance and highermechanical damp-
ing. Another performance limitation is the magnitude of the
electric field. The electric field enlarges with miniaturization
whereas applied voltage remains constant, but a too high
electric field negates the piezoelectricity.

Piezoelectric ultrasonic motors that amplify the vibra-
tion amplitudes by resonance have potential as micromotors.
In the late 1980s, traveling wave ultrasonic motors were
practically implemented for an autofocus system in a tele-
photo camera lens [80]. Fig. 5 shows a typical traveling wave
ultrasonic motor comprising of an annular stator and a rotor.
The stator comprises a metallic ring bonded to piezoelectric
elements. The stator and rotor are vertically pressed by a
preload, and friction force is exerted at their interface. When
two different AC voltages, E1 = A sin 2π ft and E2 = A
cos 2π ft, are applied to the piezoelectric elements, the stator
produces a traveling wave along the circumference of the
stator hole. (The amplitude and frequency of the voltages
are denoted by A and f , respectively, and f is adjusted to
the resonant frequency.) During this time, a point on the
surface of this traveling wave generates an elliptical motion.
This elliptical motion transfers its driving force to the rotor
inserted into the hole via friction, causing the rotor to spin.
This is the fundamental principle underpinning rotary piezo-
electric ultrasonic motors.

B. REVIEW OF ROTARY ULTRASONIC MICROMOTORS
The first ultrasonic motors less than 10 mm in diameter
were reported by an MIT group in 1990 [81]: a traveling
wave ultrasonic motor with a diameter of 8 mm and a height
of 3 mm has produced a stall torque of 1 mNm and a no-load
speed of 870 rpm. It is very high torque when compared with
electromagnetic and electrostatic micromotors with similar
diameters. At around the same time, Seiko, a watch company
in Japan, succeeded in implementing an ultrasonic micro-
motor into watches and started selling these in 1991. Later,
the specifications of the watch motor has been published: a
stator with a diameter of 4.5 mm and a height of 2.5 mm
generates 2 µNm and 2000 rpm [82]. It uses the combination
of two resonant standing waves as the driving principle to
avoid the traveling wave patent. Seiko has also reported on
another micromotor with similar specifications for watch
applications in the same year [83].
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FIGURE 6. Vibration modes used for rotary ultrasonic micromotors:
(a) bending mode and (b) three-wave mode.

A bending mode can generate a large elliptical motion
by combining two orthogonal bending vibration modes [84],
as shown in Fig. 6(a). After around 2000, several researchers
have studied the bending mode of a long cylindrical stator
for micromotors. The first miniaturization study of using
bending mode has employed a titanium cylinder with a PZT
thin film deposited by a hydrothermal method [85]. Instead
of the thin films, a cylindrical stator made of a bulk PZT with
dimensions of d = 2.4 mm and L = 10 mm has generated a
large output of 0.22 mNm and 650 rpm [86]. Then, a smaller
version (d = 1.4 mm and L = 5mm) using a PZT thin film
has been built and evaluated [87]. The bulk PZT cylindrical
stator was miniaturized to d = 0.8 mm and L = 2.2 mm,
and its assembly has shown a smaller torque of approxi-
mately 25 nNm [88]. It seems that the torque reduction with
miniaturization is unavoidable as in the case of electrostatics
and electromagnetics. Micromotors using a bending mode
with thin PZT tubes have been further investigated [89], [90].
A relatively large torque of 45 µNm has been obtained with
a size of d = 1.5 mm and L = 7 mm, but using PZT tubes
has the difficulty of microfabrication. A metallic cylindrical
stator with two PZT plates glued to two surfaces makes the
fabrication easier. Two types of micromotors with similar
dimensions to those in published articles are tested [91, 92].
(The torque is estimated from the transient response and the
moment of inertia provided in the articles for the comparison
in the next section.) Medical applications of ultrasonic micro-
motors have been considered. A micromotor with a long
stator has been developed for an intravascular OCT probe
[93], but in-vivo experiments have not yet been conducted.

Since around 2010, further miniaturization has been stud-
ied. One of the smallest ultrasonic motors uses the simul-
taneous excitation of axial, torsional, and bending vibration
modes to spin a sphere [94], [95]. The stator employs a
metallic cylinder with helical cuts andmeasures d = 0.25mm
and L = 1 mm, but the resulting maximum torque of 47 nNm
is a bit small for applications. Another tiny ultrasonic motor
comprises a rectangular bulk PZT stator with 0.75 mm ×
0.75 mm× 1.55 mm [96], [97]. The driving principle excites
a bending mode by a shear mode in a cuboid bulk PZT
polarized longitudinally and obtains a torque of 2 µNm and
a speed of 1850 rpm. These one-millimeter-scale motors

require further investigation as to how to achieve a preload
between the stator and rotor and how to implement them into
applications.

We have studied the miniaturization of ultrasonic motors.
Our approach is the use of the three-wavemode that generates
three waves along the circumference of a hole in its stator as
the driving principle (Fig. 6(b)) [98]. The three-wave mode
can generate a certain vibration amplitude regardless of the
stator length, even when the length reduces to as little as
1 mm. (The bending mode increases the resonant frequency
at short lengths and decreases the vibration amplitude.) The
stator size measures 1.6 mm × 1.6 mm × 1 mm, and the
output of over 10 µNm and 6000 rpm have been obtained
by the empirical optimization of the preload mechanism [99].
Another advantage of this motor is simple construction. The
stator, which comprises a metallic cube with a hole and
piezoelectric plates adhered to its sides, can be scaled down
without using any special machining or assembly methods.
The stator with a size of 0.65 mm × 0.65 mm × 0.5 mm
succeeded in spinning a rotor [100], and a bit larger stator has
shown a higher torque up to 1 µNm [79]. To reduce the speed
and enhance the torque, we have proposed a micro-geared
ultrasonic motor, the smallest set of micro ultrasonic motor
and micro planetary gear [101]. The micro planetary gear
assembly with a diameter of 2 mm, a length of 5.9 mm,
and a gear ratio of 256 has been connected to an ultrasonic
micromotor. It demonstrates a continuously stable torque
of 0.4 mNm and a peak torque of 1 mNm in experiments.
Recently, we have started developing micromotor applica-
tions, such as a micromirror device [102], a rotor blade [103],
and a two-link mechanism [104], although they need more
investigation before their practical deployment. Design flex-
ibility that can make a stator hollow and flat is an advantage
of using the three-wave mode. An example has shown dimen-
sions of 3.2 mm× 3.2 mm, a thickness of 1 mm, and a torque
of over 40 µNm.
The other methodology for building ultrasonic micromo-

tors has been studied with silicon-basedMEMS technologies.
Flat stator designs using MEMS have been built and reported
[105], [106], but their energy density is lower than that of
other existing micromotors.

C. REVIEW OF LINEAR ULTRASONIC MICROMOTORS
At a macro scale, several linear ultrasonic motors have been
used for practical applications, such as positioning devices
[107]. They are driven by a variety of principles. One of the
earliest examples is an inertial drive [108], [109] called the
impact drive mechanism (IDM). It comprises a piezoelectric
actuator and slider (inertial weight), as shown in Fig. 7(a).
By changing the duty ratio of the input voltage, the piezo-
electric actuator rapidly extends and slowly contracts. The
slider slips during rapid motion and moves together with
the actuator during slow motion. The repetition of these
stick-and-slip motions generates a unidirectional movement.
The direction of movement can be reversed by changing the
duty ratio of the applied voltage. The IDM is beneficial to
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FIGURE 7. Principles for linear micromotors: (a) impact drive mechanism
and (b) L1B2 mode.

obtaining a high positioning accuracy and is widely applied
to the precise position stages in STM, AFM, and fabrication
machines. The smaller type of IDM is called Smooth impact
drive mechanism (SIDM) and is used as a linear micromotor
in the autofocus mechanism in cellphones. In 2002, a article
published in Japanese has reported an example of an SIDM
with a diameter of 1.2 mm and a length of 8 mm. It shows
a thrust force of 100 mN and 15 mm/s [110]. To improve
the characteristics, a SIDM driven at the resonant frequency
has been proposed [111]: It shows a higher energy density
than the non-resonant types. An SIDM with lead-free piezo-
electric material has been investigated [112], although its
performance is lower than that with lead.

Combining two different vibration modes is a familiar
principle for linear ultrasonic motors. In particular, the com-
bination of a first longitudinal extension mode and a second
bending mode is well known as L1B2 mode. This principle
and its applications have been summarized in several review
articles [113], [114]. Fig. 7(b) shows that L1 mode is sym-
metrical and B2 mode is asymmetrical at the center vertical
line (dash-dotted line). When the two vibration modes are
excited simultaneously, the combination of the symmetrical
and asymmetrical modes describes an elliptical motion that
transfers force to the slider. The first L1B2-based linear motor
was demonstrated in 1992 [115], and a smaller stator with
dimensions of 10 mm × 2.5 mm × 2 mm was developed
in 2003 [116]. The smaller one shows a force of 700 mN and
a velocity of 120 mm/s. The L1B2 mode (or similar ones) has
been practically used as the principle of linear actuators for
digital cameras. The first example of a camera application
is an image stabilization unit that suppresses the vibration
of the image sensor in cameras (e.g., E-510, Olympus Co.,
Japan) in 2007. Since 2016, a leading camera company has
started to employ this principle to actuate lens unit linearly
for autofocus features (Nano USM, Canon Co., Japan). Aca-
demic research groups are also reporting interesting findings
using L1B2 mode. A single crystal-based stator with 2 mm×
2 mm× 9 mm has demonstrated 2-degrees-of-freedom linear
motions with a force of 250 mN and a velocity of 35 mm/s
[117]. The smallest one of using L1B2 mode might be
5 mm× 1.5 mm× 1.45 mm, but the performance parameters

have not been indicated [118]. There is also a report of using
a single crystal with similar dimensions, but the performance
measures of this are also unclear [119].

Similar to L1B2mode, the combination of the symmetrical
and asymmetrical modes realizes linear motion by miniature
stators. A stator with d = 1.5 mm ×L = 9.5 mm uses a lon-
gitudinal mode and a fourth-order bending modes and shows
a force of 6 mN and a velocity of 39 mm/s [120]. Making the
stator cylindrical enables it to couple a first longitudinal mode
and a first bending mode at the same frequency [121], [122].
The downsized stator with 2.6 mm × 2.6 mm × 2.2 mm can
generate 140 mm/s and 20 mN.

Squiggle motors have achieved a very high thrust force at
low velocities [123]. They excite a wobble motion as with
bending modes for rotary motors and transfer it to linear
motion by a nut and screw. For example, a typical product
with 1.6 mm× 1.6 mm× 6 mm generates 5 N and 10 mm/s.
The force density is much larger than the other principles
although it is the static force that cannot accelerate the
motion. This product has been widely used for applications
ranging from medicine [124] to aerospace [125]. The idea of
using a nut and screw has been deployed in different linear
micromotors (d = 3.6 mm and L = 3 mm) for medical
applications [126].

A relatively new and flat-shaped linear ultrasonic micro-
motor, called MiniSwys, has been released for miniature
applications, such as smartphone cameras. In this stator,
a rectangular piezoelectric flat stator excites the vibration of
two beams as a tuning fork. The fundamental design concept
using a MEMS process was first proposed in 2008 [127] and
has been much improved. The present specification is a stator
size of 2 mm × 3 mm × 0.5 mm, a force of 20 mN, and a
speed of 70 mm/s [128], which satisfies the specification of
camera modules.

In other studies, potential principles for linear ultrasonic
micromotors are proposed and reported. One of the small-
est linear ultrasonic motors uses two beams with different
weights [129]. The size of the resonator measures 3.25 mm×
1.8 mm × 1 mm without PZT, and it can generate 212 mm/s
and 44 mN. A vibration of two plates can be used to enhance
the thrust force: the plane stator with 9 mm× 8 mm× 1 mm
can generate a larger output of 1.6 N and 88 mm/s [130].
A linear micromotor driven by a first bending mode with a
two-layer structure can operate in standing wave or traveling
wave by one- or two-phase voltage. It measures 2.0 mm ×
2.0 mm × 5.0 mm and shows 0.30 N and 230 mm/s [131].
The surface acoustic waves (SAW) motor, which makes the
Rayleigh wave concentrate on a surface, might be suited as
a thin actuator; it shows a stator with 3 mm × 12.5 mm ×
0.5 mm has shown 13 mN and 0.3 m/s [132].

V. COMPARISON OF MICROMOTORS
A. ROTARY MICROMOTORS
The comparison of the performance parameters clarifies
not only the advances in the research field of micromotors
but also the physical limitations of the proposed principles.
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FIGURE 8. Comparison of the rotary micromotors: (a) the relationship
between the size and mechanical power and (b) the relationship between
the size and the torque.

Comparable parameters for micromotors are the relationship
of the size to the output and the torque, which have the same
meanings as the power density and torque density. (Another
important parameter for evaluating micromotors is energy
efficiency, but most articles have not mentioned values.) Let
us summarize these characteristics on the same tables and
discuss them with references. Fig. 8(a) shows a graph of the
size vs. output. In these plots, the output power (mechanical
power) is estimated from the peak torque and the peak angular
velocity under the assumption that the relationship between
the torque and angular velocity is linear. Articles reporting
only the angular velocity or torque are not included in the
graph.

At a scale larger than 1 mm3, three principles are mixed; in
particular, electromagnetic micromotors exhibit better perfor-
mance. Several plots are based on silicon-based electromag-
netic micromotors, but those that show high output [51], [52],
[60] are commercial micromotors built by ordinary microfab-
rication without silicon-based processes. Piezoelectric ultra-
sonic micromotors are substantial in the range from 0.1 mm3

to 1 mm3 [79], [94], [99]. These ultrasonic micromotors can
be fabricated and assembled by relatively simple processes
because of their simple structure. By contrast, miniaturizing
electromagnetic and electrostatic motors requires compli-
cated MEMS processes at less than 1 mm3.
At a size of fewer than 0.01 mm3, silicon-based fabri-

cation is the only-one methodology currently available for
constructingmotors. In the early stages ofmicromotors, many
electrostatic and electromagnetic micromotors were reported
(e.g., [14], [28], [29]), but the focus in these articles was on
how to build them on a silicon substrate, not on evaluating
the motor characteristics. Only a few articles with output
performance are plotted in the graph, but most of early works
are below the bottom line of the graph.

From the view of practical applications, the torque density
is one of the most important parameters. Fig. 8(b) shows the
relationship between size and torque. Piezoelectric ultrasonic
micromotors exhibit a high torque at all ranges, except for
the too small scale of less than 0.01 mm3. In the graph, plots
of references [48], [52], [101] are static torque amplified
by miniature planetary gears. Drawing a line connecting the
references [79] to [81], we can see that several experimental
plots exist along the same line. It appears to be the current
upper limit of the miniature ultrasonic motors without gear
amplification. The torques in references [94], [100] are lower
than the line. It is due to damping at the small scale and the
difficulty of the fabrication. The reason that an electrostatic
micromotor [18] shows high torque at the size less than
0.01 mm3 is the use of microgears fabricated by MEMS.
An advantage of using silicon-based fabrication is the com-
patibility with other MEMS components, such as gears, on a
silicon substrate.

B. LINEAR MICROMOTORS
Next, let us observe the relationship of the size to the output
and thrust force in linear micromotors. Fig. 9(a) plots the
size vs. the output, in which the power is estimated from
the peak force and peak speed. Most linear ultrasonic motors
are advantageous over electromagnetic motors. There is no
example at a scale smaller than 1 mm3 because microac-
tuators with micron-order strokes are excepted, such as
piezoelectric and electrostatic actuators. Fig. 9(b) shows the
relationship between the size and force. In both figures, linear
ultrasonic micromotors prevail at all ranges, and the other
driving principles are disadvantageous to driving at these
scales.

The upper limitation of the thrust force can be shown as
a line in Fig. 9(b). An interesting fact is that several data
for linear ultrasonic motors are plotted on the line regardless
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FIGURE 9. Comparison of the linear micromotors: (a) the relationship
between the size and mechanical power and (b) the relationship between
the size and the thrust force.

of the driving principles, such as the impact drive [110],
multiple vibration modes [116], and the excitation of two
beams [129]. An exceptional micromotor is the squiggle
motor, which transfers the wobble motion of the cylinder into
the thrust force by a screw [123]. Based on the principle of the
virtual work, it indicates a very large thrust force, although
the power density is similar to that of other ultrasonic
motors.

VI. CONCLUSION
We reviewed many representative articles on micromotors,
from famous articles to state-of-the-art articles. The compar-
ison in Fig. 9 shows the advantages of the cited principles
and fundamental performance limitations. It provides design

criteria for engineers to select the driving principle and shape
future designs of micromotors.

This article dealt with three driving principles, but other
principles may emerge as promising microactuators over the
next decades. In particular, shaped memory alloy (SMA),
which is a wire that gets longer when it heats up and then
shrinks back down when it cools, is an attractive linear
actuator used in narrow spaces [133]. This technology has a
wide range of potential applications ranging from the auto-
motive domain to future biomimetic robots and endoscopic
medicines. Although accurate control remains challenging
because of the principle of heat expansion, new materials and
control strategies may enhance their characteristics. How to
compare this with SMAmay also become an interesting topic
in the field of micromotors.
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