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Abstract

By imitating the behavioral characteristics of some typical animals, researchers develop bionic stepping motors to extend the
working range of piezoelectric materials and utilize their high accuracy advantage as well. A comprehensive review of the
bionic stepping motors driven by piezoelectric materials is presented in this work. The main parts of stepping piezoelectric
motors, including the feeding module, clamping module, and other critical components, are introduced elaborately. We
classify the bionic stepping piezoelectric motors into inchworm motors, seal motors, and inertia motors depending on their
main structure modules, and present the mutual transformation relationships among the three types. In terms of the relative
position relationships among the main structure modules, each of the inchworm motors, seal motors, and inertia motors can
further be divided into walker type, pusher type, and hybrid type. The configurations and working principles of all bionic
stepping piezoelectric motors are reported, followed by a discussion of the advantages and disadvantages of the performance
for each type. This work provides theoretical support and thoughtful insights for the understanding, analysis, design, and
application of the bionic stepping piezoelectric motors.
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1 Introduction

As the core unit of energy conversion, motors with excellent
performance usually play a crucial role in many scientific
and engineering fields [1-3]. Generally, positioning accu-
racy, working stroke, loading capability, operating veloc-
ity, motion resolution, and overall dimensions are the most
important performance criteria for high-end motors [4, 5].
Traditional motors, such as internal-combustion engines,
electromagnetic motors, hydraulic motors, and pneumatic
motors, exhibit many favorable characteristics, including
large torque, long working stroke, and high stiffness. How-
ever, they can hardly overcome the defects such as oversize
volume, accumulation error, motion loss, and wind up [6,
7]. With the rapid rise of technical requirements, traditional
motors have been unable to satisfy the modern scientific and
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engineering fields [6, 7]. The development of next-genera-
tion motors with more excellent characteristics has become
one of the most active research hotspots [§—12].
Piezoelectric motors driven by piezoelectric materials
are developed as time advances. Piezoelectric materials are
a kind of smart functional materials which work with the
piezoelectric effects including direct piezoelectric effect and
inverse piezoelectric effect [13, 14]. The direct piezoelectric
effect refers to when deformation occurs under the action
of external force, the piezoelectric materials can produce
electric charges at the two electrodes [15—17]. On the con-
trary, the inverse piezoelectric effect is that when we supply
electricity to the two electrodes, the piezoelectric materials
can generate deformations [15-17]. In general, the direct
piezoelectric effect enables the piezoelectric materials to
be excellent sensing elements, and the inverse piezoelectric
effect can be used to develop precision motors. As actua-
tion materials, the piezoelectric materials mainly exhibit the
following advantages: (1) ultra-high accuracy, up to sub-
nanometer scale; (2) super-fast response, up to microsecond
level; (3) large output force and high mechanical stiffness;
(4) no magnetic field interference, no magnetic field genera-
tion, and unaffected by the external magnetic field; (5) strong
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adaptability, applicable for the vacuum, and low-temperature
environments; (6) no intermediate transmission, no moving
pair clearance, and no lubrication required; (7) high elec-
tromechanical conversion rate and high energy density; (8)
diverse structures, flexible design and easy miniaturization
[15-17]. Therefore, both in terms of structures and func-
tions, the piezoelectric materials are excellent actuation
components for a new generation of motors.

In recent decades, numerous types of piezoelectric motors
have been developed, which have been widely used in the
precision drive systems, such as the manipulation of bio-
logical specimens, optical element alignment, semiconduc-
tor equipment, insect-scaled robots, and micro-positioning
stages [15-19]. Meanwhile, strenuous efforts have been
made to address the shortcomings of a small strain of pie-
zoelectric materials [18, 19]. First, the piezo-stack with a
multilayer structure combined the small strains from many
single-layer units into a long output displacement [20, 21].
The work range of piezo-stack motors could reach tens
of micrometers [22, 23]. Second, various amplification
mechanisms were designed to enlarge the displacement of
piezoelectric materials, such as the lever mechanism [24,
25], bridge mechanism [26, 27], Scott-Russell mechanism
[28, 29], and bimorph mechanism [30, 31]. By virtue of
various amplification mechanisms, the work range of piezo-
electric motors could reach hundreds of micrometers [32,
33]. However, this was still insufficient in many applica-
tions. Therefore, researchers created different bionic step-
ping piezoelectric motors by imitating the walking manner
of some typical animals [34-36]. According to the practical
requirements, the bionic stepping piezoelectric motors were
able to accumulate the small displacements of piezoelectric
materials and generate a sufficient traveling stroke step by
step. With the stepping motion principles, the piezoelectric
motors are completely liberated from the small displacement
and preserve the main advantages of piezoelectric materials,
concurrently. The work range of the bionic stepping piezo-
electric motors can reach a millimeter scale or even without
limit [34-36].

This work proposes a comprehensive review of bionic
stepping piezoelectric motors with cross-scale output perfor-
mance. The review is outlined in form of rotary piezoelec-
tric motors, while the overall contents cover both the linear
motors and rotary motors. Correspondingly, the contents of
the review are organized as follows: in Sect. 2, the bionic
stepping piezoelectric motors are classified into inchworm
motors, seal motors, and inertia motors. In Sect. 3, the clas-
sifications, configurations, and working principles of the
inchworm piezoelectric motors are introduced. In Sect. 4,
we elaborate the classifications, configurations, and work-
ing principles of the seal piezoelectric motors. In Sect. 5,
the classifications, configurations, and working princi-
ples of the inertia piezoelectric motors are presented. The

characteristics of the three types of bionic stepping piezo-
electric motors are analyzed in Sect. 6. Conclusions of the
work are reported in Sect. 7.

2 Overview of the Bionic Stepping
Piezoelectric Motors

Bionic stepping piezoelectric motors, just as its name
implies, imitate some animals’ typical behavioral manners to
accumulate the small displacements of piezoelectric materi-
als to generate sufficient working stroke step by step. Gener-
ally, a bionic stepping piezoelectric motor contains a feed-
ing module, clamping module, and other key components
[34-36]. The feeding module is utilized to produce driving
displacements of the rotor while the clamping module is
employed to clamp/unclamp the rotor to/from the stator at
the appropriate time [34-36]. With the sequential coordina-
tion of the feeding module and clamping module, the bionic
stepping piezoelectric motor can drive the rotor to output
large angular displacements step by step.

It is universally acknowledged that the motors can be
called bionic stepping piezoelectric motors provided the
feeding module is driven by piezoelectric materials [34—36].
The outputs of the piezoelectric materials are linear displace-
ments including the longitudinal strains, transversal strains,
and shear strains, which can all be used to drive the motor.
In order to achieve angular displacements of piezoelectric
motors, considerable efforts have been made by different
researchers. For example, flexure hinges, revolute pairs, and
other methods are utilized to transform linear displacements
into angular displacements [37—42]. Flexure hinges are a
kind of deformable mechanism to guide movements, which
consist of flexible parts and rigid parts. The flexible parts
with small stiffness and the rigid parts with large stiffness
are designed and machined from a single piece of material
[37-42]. With the given deformations and constraints of
flexible parts, the rigid parts can move at certain degrees of
freedom. Owing to the advantages of compliant and repeat-
able motions, compact structures, small inertial mass, no
backlash, and friction, the flexure hinges are widely utilized
in piezoelectric motors, especially in stepping piezoelectric
motors [37-42]. Furthermore, with the designed flexure
hinges mechanisms, we can not only obtain the angular dis-
placements but also multiply and enlarge the small deforma-
tions of piezoelectric materials [40—42].

Many clamping methods are reported by the research-
ers, such as the deformation clamp [43, 44], electromagnet
clamp [45, 46], inertia clamp [47, 48], and wedge clamp
[49, 50]. The deformation clamp utilizes the deformation
of the clamping component to tension rotor into the bearing
of stator. With the adhesion force of an electromagnet, the
electromagnet clamp can clamp the rotor onto the stator.
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The inertia clamp presses the rotor onto the stator with the
inertial force generated by a mass block during acceleration.
The wedge clamp can clamp the rotor onto the stator with
the self-lock effect between a wedge block pair. Since almost
all the stepping piezoelectric motors use frictional force to
maintain the output thrust, the clamping force determines
the capacity of the stepping piezoelectric motors [43-46].
Moreover, because of the contact and separation during the
clamping process, the clamping module also influences the
stepping piezoelectric motors from the vibration, noise,
accuracy, and so on [47-50].

In terms of the main structure modules, as shown in
Fig. 1, the bionic stepping piezoelectric motors are classified
into inchworm motors [51-53], seal motors [54-56], and
inertia motors [57—-60]. Each type of these stepping motors

Fig. 1 Classifications of bionic
stepping piezoelectric motors

Bionic stepping

piezoelectric motors

Fig.2 Stepping motion of the
inchworm
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can be further divided into walker type, pusher type, and
hybrid type. All the bionic stepping piezoelectric motors
have specific configurations, working principles, and char-
acteristics. A suitable type of piezoelectric motor can be
selected according to the actual demand.

3 Inchworm Piezoelectric Motors

3.1 Inchworm Motion Principle

The inchworm is an arthropod with a slender body and many
pairs of feet. The body is flexible and bendable. The feet

are on both ends of the body, which are named as fore feet
and hind feet respectively. As shown in Fig. 2, the crawling
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manner of the inchworm is a typical stepping motion. The
process can be divided into different steps: first, the inch-
worm grips on the branch with the fore feet and hind feet;
second, it releases the fore feet from the branch; third, it
straightens the body and pushes forward the fore feet;
fourth, it grips on the branch again with the fore feet; fifth,
it releases the hind feet from the branch; sixth, it bends the
body again and pulls forward the hind feet; lastly, it grips on
the branch again with the hind feet. After the above process,
the inchworm moves forward one step on the branch and
returns back to the initial status (the first step). Obviously, if
the above process is repeated time after time, the inchworm
can crawl with a long distance on the branch.

Imitating the crawling manner of the inchworm, research-
ers created the inchworm-type bionic stepping piezoelectric
motors. As Fig. 3 shows, the inchworm piezoelectric motors
are mainly composed of a feeding module to imitate the
bendable body and two clamping modules to imitate the
fore feet and the hind feet [51-53]. The feeding module is
used to generate the driving angular displacements and the
clamping modules are employed to clamp or unclamp the
rotor at the right time interval. According to the relative
position relationships among the feeding module and the
clamping modules, the inchworm piezoelectric motors can
be classified into three types, which are named walker inch-
worm motors (see Fig. 3a), pusher inchworm motors (see
Fig. 3b), and hybrid inchworm motors (see Fig. 3c), respec-
tively [51-53]. The basic structures and working principles
of these three types of inchworm piezoelectric motors are
elaborated in the following discussion.

3.2 Walker Inchworm Motor

The walker inchworm motor consists of one feeding module
and two clamping modules. As shown in Fig. 3a, the feed-
ing module and two clamping modules are all installed on
the rotor, which rotate with the rotor during the operation
process of the walker inchworm motor [S1-53]. The step-
ping motion process of the walker inchworm motor is shown
in Fig. 3a from Step (0) to Step (7), which are described as
follows:

(1) The initial status of the walker inchworm motor.

(2) The clamping module at the right side runs and clamps
the feeding module to the stator.

(3) The feeding module runs and pushes the upper clamp-
ing module and the rotor to rotate by an angle 6, anti-
clockwise.

(4) The upper clamping module runs and clamps the rotor
to the stator.

(5) The clamping module at the right side is reset and
releases the feeding module from the stator.

(6) The feeding module is reset and pulls the clamping
module at the right side to rotate anticlockwise.

(7) The clamping module at the right side runs again and
clamps the feeding module to the stator again.

(8) The upper clamping module is reset and releases the
rotor from the stator. The walker inchworm motor
returns back to the status in Step (1).

After the above operations from Step (1) to Step (7), the
walker inchworm motor drives the rotor by an angle 6 anti-
clockwise and returns back to the status in Step (1). If the
above operations are repeated time by time, the walker inch-
worm motor can continually output angular displacements
step by step. In addition, the backward rotary motions can be
generated by adjusting the working sequences of the feeding
module and two clamping modules.

3.3 Pusher Inchworm Motor

The pusher inchworm motor consists of one feeding module
and two clamping modules. As shown in Fig. 3b, the feeding
module and two clamping modules are all installed on the
stator and do not rotate with the rotor during the operation
process of the pusher inchworm motor [51-53]. The step-
ping motion process of the pusher inchworm motor is shown
in Fig. 3b from Step (0) to Step (7), which are described as
follows:

(1) The initial status of the pusher inchworm motor.

(2) The upper clamping module runs and clamps the rotor
to the feeding module.

(3) The feeding module runs and pushes the upper clamp-
ing module and the rotor to rotate by an angle 6, anti-
clockwise.

(4) The clamping module at the right side runs and clamps
the rotor to the stator.

(5) The upper clamping module is reset and releases the
rotor from the feeding module.

(6) The feeding module is reset and pulls the upper clamp-
ing module to rotate clockwise.

(7) The upper clamping module runs again and clamps the
rotor to the feeding module again.

(8) The clamping module at the right side is reset and
releases the rotor from the stator. The pusher inchworm
motor returns back to the status in Step (1).

After the above operations from Step (1) to Step (7), the
pusher inchworm motor drives the rotor by an angle 8 anti-
clockwise and returns back to the status in Step (1). If the
above operations are repeated time by time, the pusher inch-
worm motor can continually output angular displacements
step by step. In addition, the backward rotary motions can be
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Fig.3 Working principles of
the inchworm motors. a Walker
inchworm motor; b pusher
inchworm motor; ¢ hybrid
inchworm motor

generated by adjusting the working sequences of the feeding
module and two clamping modules.
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3.4 Hybrid Inchworm Motor

The hybrid inchworm motor also consists of one feeding
module and two clamping modules. As shown in Fig. 3c,
the feeding module is installed on the rotor while the two
clamping modules are installed on the stator [51-53].
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Certainly, the positions of the feeding module and two
clamping modules can also be exchanged. The module
which is installed on the rotor rotates with it during the
operation process of the hybrid inchworm motor and the
module installed on the stator is relative static with the
stator [51-53]. The stepping motion process of the hybrid
inchworm motor is shown in Fig. 3¢ from Step (0) to Step
(7), which are described as follows:

(1) The initial status of the hybrid inchworm motor.

(2) The clamping module at the right side runs and clamps
the feeding module to the stator.

(3) The feeding module runs and pushes the rotor to rotate
by an angle 0, anticlockwise.

(4) The lower clamping module runs and clamps the rotor
to the stator.

(5) The clamping module at the right side is reset and
releases the feeding module from the stator.

(6) The feeding module is reset and pulls the right part to
rotate anticlockwise.

(7) The clamping module at the right side runs again and
clamps the feeding module to the stator again.

(8) The lower clamping module is reset and releases the
rotor from the stator. The hybrid inchworm motor
returns back to the status in Step (1).

After the above operations from Step (1) to Step (7),
the hybrid inchworm motor drives the rotor by an angle
0 anticlockwise and returns back to the status in Step
(1). If the above operations are repeated time by time,
the hybrid inchworm motor can continually output angu-
lar displacements step by step. In addition, the backward
rotary motions can be generated by adjusting the work-
ing sequences of the feeding module and two clamping
modules.

Fig.4 Stepping motion of the

it r—

2

4 Seal Piezoelectric Motors
4.1 Seal Motion Principle

The seal is a marine mammal with a contractible body and
two pairs of feet. The body is elastic and can expand and
contract. The hind feet have degenerated into fins without
walking ability, while the fore feet can bend and assist crawl-
ing. As shown in Fig. 4, the crawling manner of the seal is
another type of stepping motion, which is different from the
inchworm type. The process is as follows: first, the seal is
on the beach with the cumbersome body; second, it grips on
the ground with the fore feet; third, it contracts the body and
pulls forward the tail and the hind feet; fourthly, it releases
the fore feet from the ground; lastly, it expands the body and
pushes forward the fore feet and the head. After the above
process, the seal moves forward one step on the beach and
returns back to the initial status (the first step). Obviously,
if the above process is repeated time after time, the seal can
crawl with a long distance on the beach.

Inspired by the crawling mode of the seal, the seal-type
bionic stepping piezoelectric motors are developed. As
shown in Fig. 5, the seal piezoelectric motors are mainly
composed of a feeding module to imitate the contractible
body, a clamping module to imitate the fore feet with the
crawling ability and a locking component to imitate the hind
feet without crawling ability [54—56]. The feeding module is
used to generate the driving angular displacements and the
clamping module is employed to clamp or unclamp the rotor
at the right time interval. The locking component is utilized
to maintain the output thrust during the unclamping time
interval of the clamping module. According to the relative
position relationships among the feeding module, clamp-
ing module, and locking component, the seal piezoelectric
motors can further be classified into three types, which are
named walker seal motors (see Fig. 5a), pusher seal motors
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(see Fig. 5b), and hybrid seal motors (see Fig. 5c¢), respec-
tively [54-56]. The basic structures and working principles
of these three types of seal piezoelectric motors are elabo-
rated in the following discussion.

4.2 Walker Seal Motor

The walker seal motor consists of one feeding module, one
clamping module, and one locking component. As shown in
Fig. 5a, the feeding module, the clamping module, and the
locking component are all installed on the rotor and rotate
with the rotor during the operation process of the walker seal
motor [54-56]. The stepping motion process of the walker
seal motor is shown in Fig. 5a from Step (0) to Step (4),
which are described as follows:

(1) The initial status of the walker seal motor.

(2) The clamping module runs and clamps the feeding
module to the stator.

(3) The feeding module runs and pushes the locking com-
ponent and the rotor to rotate by an angle 6, anticlock-
wise.

@ Springer
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(4) The clamping module is reset and releases the feeding
module from the stator.

(5) The feeding module is reset and pulls the clamping
module to rotate anticlockwise and the walker seal
motor returns back to the status in Step (0).

After the above operations from Step (0) to Step (4), the
walker seal motor drives the rotor by an angle 6 anticlock-
wise and returns back to the status in Step (0). If the above
operations are repeated time by time, the walker seal motor
can continually output angular displacements step by step.
The locking component can maintain the output thrust for
the walker seal motor throughout the process. In addition,
the backward rotary motions can be generated by adjust-
ing the working sequences of the feeding module and the
clamping module.

4.3 Pusher Seal Motor

The pusher seal motor consists of one feeding module, one
clamping module, and one locking component. As shown
in Fig. 5b, the feeding module, the clamping module, and
the locking component are all installed on the stator and do
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not rotate with the rotor during the operation process of the
pusher seal motor [54-56]. The stepping motion process of
the pusher seal motor is shown in Fig. 5b from Step (0) to
Step (4), which are described as follows:

(1) The initial status of the pusher seal motor.

(2) The clamping module runs and clamps the rotor to the
feeding module.

(3) The feeding module runs and pushes the clamping
module and the rotor to rotate by an angle 6, anticlock-
wise.

(4) The clamping module is reset and releases the rotor
from the feeding module.

(5) The feeding module is reset and pulls the clamping
module to rotate clockwise and the pusher seal motor
returns back to the status in Step (0).

After the above operations from Step (0) to Step (4), the
pusher seal motor drives the rotor by an angle 6 anticlock-
wise and returns back to the status in Step (0). If the above
operations are repeated time by time, the pusher seal motor
can continually output angular displacements step by step.
The locking component can maintain the output thrust for
the pusher seal motor throughout the process. In addition,
the backward rotary motions can be generated by adjust-
ing the working sequences of the feeding module and the
clamping module.

4.4 Hybrid Seal Motor

The hybrid seal motor also consists of one feeding mod-
ule, one clamping module, and one locking component. As
shown in Fig. 5c, the feeding module is installed on the rotor
while the clamping module and the locking component are
both installed on the stator. Certainly, the positions of the
feeding module, clamping module, and locking component
can be exchanged. The module which is installed on the rotor
rotates with the rotor during the operation process of the

Fig. 6 Parturition with inertia
force

hybrid seal motor and the module which is installed on the
stator is relative static with the stator [54-56]. The stepping
motion process of the hybrid seal motor is shown in Fig. 5¢
from Step (0) to Step (4), which are described as follows:

(1) The initial status of the hybrid seal motor.

(2) The clamping module runs and clamps the feeding
module to the stator.

(3) The feeding module runs and pushes the rotor to rotate
by an angle 6, anticlockwise.

(4) The clamping module is reset and releases the feeding
module from the stator.

(5) The feeding module is reset and pulls the right part to
rotate anticlockwise and the hybrid seal motor returns
back to the status in Step (0).

After the above operations from Step (0) to Step (4), the
hybrid seal motor drives the rotor by an angle € anticlock-
wise and returns back to the status in Step (0). If the above
operations are repeated time by time, the hybrid seal motor
can continually output angular displacements step by step.
The locking component can maintain the output thrust for
the hybrid seal motor throughout the process. In addition,
the backward rotary motions can be generated by adjust-
ing the working sequences of the feeding module and the
clamping module.

5 Inertia Piezoelectric Motors
5.1 Inertia Motion Principle

IN nature, there are many examples that animals use iner-
tia to achieve some goals. Dogs use inertia to shake off
the water drops on hairs. Another more typical example is
that the rhinoceros utilize inertia to assist their parturition.
Due to the lack of external pulling force, it is difficult for
the rhinoceros to deliver quickly. As shown in Fig. 6, the
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rhinoceros rotates the body time after time to fling the hip in
order to accelerate the parturition process. Under the action
of the self-inertia, the cub can be flung out of the birth canal
step by step. Finally, the rhinoceros cub is born successfully.

Imitating the parturition manner of the rhinoceros, the
inertia-type bionic stepping piezoelectric motors are devel-
oped. As shown in Fig. 7, the inertia piezoelectric motors are
mainly composed of one feeding module, one locking com-
ponent, and one inertia mass [57-60]. The feeding module
is used to generate the driving angular displacements. The
locking component is employed to maintain the output thrust
throughout the working process. The inertia mass is utilized
to generate the inertia torque to drive the rotor. According to
the relative position relationships among the feeding mod-
ule, the locking component, and the inertia mass, the inertia
piezoelectric motors can be classified into three types, which
are named walker inertia motors (see Fig. 7a), pusher inertia
motors (see Fig. 7b), and hybrid inertia motors (see Fig. 7¢),
respectively [57-60]. The basic structures and working prin-
ciples of the three types of inertia piezoelectric motors are
elaborated in the following discussion.

5.2 Walker Inertia Motor

The walker inertia motor, which is usually called impact type
motor, consists of one feeding module, one locking compo-
nent, and one inertia mass. As shown in Fig. 7a, the feeding
module, the locking component, and the inertia mass are all
installed on the rotor and rotated with the rotor during the
operation process of the walker inertia motor [57-60]. The
stepping motion process of the walker inertia motor is shown
in Fig. 7a from Step (0) to Step (2), which are described as
follows:

(1) The initial status of the walker inertia motor.

(2) The feeding module runs rapidly. Under the action of
self-inertia, the inertia mass stays still and the rotor and
the locking component are pushed rapidly to rotate by
an angle 0, anticlockwise.

(3) The feeding module is reset slowly. Under the action of
the locking component, the rotor and the locking com-
ponent stay still and the inertia mass is pulled slowly to
rotate anticlockwise. The walker inertia motor returns
back to the status in Step (0).

After the above operations from Step (0) to Step (2), the
walker inertia motor drives the rotor by an angle 8 anti-
clockwise and returns back to the status in Step (0). If the
above operations are repeated time by time, the walker iner-
tia motor can continually output angular displacements step
by step. The locking component can maintain the output
thrust for the walker inertia motor throughout the process. In
addition, the backward rotary motions can be generated by
exchanging the rapid functional step and the slow functional
step of the feeding module.

5.3 Pusher Inertia Motor

The pusher inertia motor, which is usually called stick—slip
type motor, consists of one feeding module, one locking
component, and one inertia mass. As shown in Fig. 7b, the
feeding module, the locking component, and the inertia mass
are all installed on the stator and do not rotate with the rotor
during the operation process of the pusher inertia motor
[57-60]. The stepping motion process of the pusher inertia
motor is shown in Fig. 7b from Step (0) to Step (2), which
are described as follows:

Fig.7 Working principles of the N Feeding Feeding Feeding

inertia motors. a Walker inertia \ module 0 odule module Stator

motor (Impact type motor); b ‘

pusher inertia motor (stick—slip 0 0 I:I

type motor); ¢ hybrid inertia Rotor

motor _

Undeformed
component
Deformed
component
Locking

component

Connecting
component

Inertia mass
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(1) The initial status of the pusher inertia motor.

(2) The feeding module runs slowly. Under the action of
the locking component, the rotor and the inertia mass
are pushed slowly to rotate by an angle 6, anticlock-
wise.

(3) The feeding module is reset rapidly. Under the action
of inertia of the inertia mass, the rotor and inertia mass
stay still and the locking component is pulled rapidly to
rotate clockwise. The pusher inertia motor returns back
to the status in Step (0).

After the above operations from Step (0) to Step (2), the
pusher inertia motor drives the rotor by an angle 6 anticlock-
wise and returns back to the status in Step (0). If the above
operations are repeated time by time, the pusher inertia
motor can continually output angular displacements step
by step. The locking component can maintain the output
thrust for the pusher inertia motor throughout the process. In
addition, the backward rotary motions can be generated by
exchanging the rapid functional step and the slow functional
step of the feeding module.

5.4 Hybrid Inertia Motor

The hybrid inertia motor also consists of one feeding
module, one locking component and one inertia mass. As
shown in Fig. 7c, the feeding module and the inertia mass
are both installed on the rotor while the locking component
is installed on the stator [57—60]. The positions of the feed-
ing module, locking component, and inertia mass can be
exchanged. The module installed on the rotor rotates with
the rotor during the operation process of the hybrid inertia
motor, while the module installed on the stator is relative
static with the stator. The stepping motion process of the
hybrid inertia motor is shown in Fig. 7¢ from Step (0) to
Step (2), which are described as follows:

(1) The initial status of the hybrid inertia motor.

(2) The feeding module runs rapidly. Under the action
of self-inertia, inertia mass stays still and the rotor is
pushed rapidly to rotate by an angle 6, anticlockwise.

(3) The feeding module is reset slowly. Under the action
of the locking component, the rotor stays still and the
inertia mass is pulled slowly to rotate anticlockwise.
The hybrid inertia motor returns back to the status in
Step (0).

After the above operations from Step (0) to Step (2), the
hybrid inertia motor drives the rotor by an angle 6 anticlock-
wise and returns back to the status in Step (0). If the above
operations are repeated time by time, the hybrid inertia
motor can continually output angular displacements step
by step. The locking component can maintain the output

thrust for the hybrid inertia motor throughout the process. In
addition, the backward rotary motions can be generated by
exchanging the rapid functional step and the slow functional
step of the feeding module.

6 Characteristics of Stepping Piezoelectric
Motors

By virtue of the bionic stepping principles, the piezoelectric
motor can accumulate small displacements from the piezo-
electric materials step by step and generate a long-range
working stroke. Consequently, the piezoelectric motors
completely liberate themselves from the small deformations
and inherit the main advantages of piezoelectric materials
as well. The work range of stepping piezoelectric motors
can reach several radians, or even without limit, and the
resolution can reach microradian. The inchworm motors,
seal motors, and inertia motors are the three types of most
commonly used bionic stepping piezoelectric motors. In
Table 1, the performance data of typical stepping piezoelec-
tric motors are summarized.

In terms of the configurations, the inchworm motor con-
tains one feeding module and two clamping modules. If one
of these two clamping modules is replaced by a locking
component, the inchworm motor can be transformed into a
seal motor. Therefore, the seal motor contains one feeding
module, one clamping module, and one locking component.
If the other clamping module is further replaced by an inertia
mass, the seal motor is transformed into an inertia motor.
Therefore, the inertia motor contains one feeding module,
one locking component, and one inertia mass. These are the
transformational relations among the three types of bionic
stepping piezoelectric motors. Moreover, the characteristics
of the three types of motors are compared in Table 2.

The clamping module can provide a large clamping force
during the stepping motion. However, it has a complicated
structure and requires additional control and enough time
response during the clamping process. Moreover, the contact
and separation of the clamping module cause vibrations and

Table 1 Performance of stepping piezoelectric motors

Item\Type Inchworm motor Seal motor [54]  Inertia motor [59]
[50]

Stroke 4 mm 19 mm 14 mm

Resolution 31.5 nm 25.9 nm 13 nm

Structure  165x150%x 15 90x45x14.5 30x11x11 mm®

mm? mm?

Oscillation  0.74 pm 0.63 pm N/A

Capacity  123.5N 32N 021N

Velocity ~ 0.25 mm s~ 0.34 mm s~! 31.7 mms~!

@ Springer
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Table 2 Characteristics of stepping piezoelectric motors

Item\Type Inchworm motor Seal motor Inertia motor
Stroke Long Long Long
Resolution High High High
Structure Oversized Intermediate Compact
Oscillation Large Intermediate Small
Capacity Large Intermediate Small
Velocity Slow Intermediate Fast

Control Complicated Intermediate Simple

motion errors in the rotor. Therefore, the inchworm motors
composed of one feeding module and two clamping mod-
ules show large load capacity, whereas they have oversized
structure, large oscillation, slow velocity, and complicated
control system [61-72]. In contrast, the inertia motors,
which are composed of one feeding module, one locking
component, and one inertia mass, have compact structure,
small oscillation, fast velocity, and a simple control system,
while the load capacity is small [73—82]. In addition, due to
the intrinsic limitation of the inertia principle, there is roll-
back motion at every step of the inertia motor. Large preload
force of the rotor and the large mass of the inertia block can
reduce the rollback motion and increase the load capacity
of the inertia motor. As for the seal motors composed of
one feeding module, one clamping module and one locking
component, the properties of the structure, oscillation, and
velocity as well as the complexity of control system are at
an intermediate level between those of the inchworm motors
and inertia motors [83—100].

According to the relative position relationships among the
main structure modules, each of the inchworm motor, seal
motor, and inertia motor can be classified into walker type,
pusher type, and hybrid type. For the walker motor, all the
functional modules are installed on the rotor. Namely, the
walker motor possesses a stator with simple structures and a
rotor with complex structures [61-72]. For the pusher motor,
all the functional modules are installed on the stator. There-
fore, the pusher motor has a stator with a complex structure
and a rotor with a simple structure [73-82]. For the hybrid
motor, the functional modules are installed on both the sta-
tor and the rotor. Therefore, the hybrid motor possesses a
moderate stator and a moderate rotor [73—82]. Generally, the
walker motor has large capacity. Because the long radius of
the big volume rotor contributes to the large driving torque
[61-68]. If the capability to output many revolutions of the
motor is required, the pusher motor is the optimal choice,
as there is no electric module on the rotor. In addition, the
pusher motor is provided with a high speed due to the light
weight of the rotor [61-82]. Clearly, the characteristics of
the hybrid motor are at an intermediate level between those
of the walker motor and the pusher motor [95-100].

@ Springer

7 Conclusions

In this work, the bionic stepping motors driven by piezo-
electric materials are comprehensively reviewed. The char-
acteristics of three important bionic stepping piezoelectric
motors are elaborated, including the inchworm motors,
seal motors, and inertia motors, which all present high
motion resolution and long working stroke. The mutual
transformation relationships among the three types of
motors by replacing certain components are elaborated
especially. The inchworm motors composed of one feeding
module and two clamping modules show large load capac-
ity, whereas they have oversized structure, large oscilla-
tion, slow velocity, and complicated control system. In
contrast, the inertia motors, composed of one feeding mod-
ule, one locking component, and one inertia mass, have a
compact structure, small oscillation, fast velocity, and a
simple control system, while the load capacity is small.
As for the seal motors composed of one feeding module,
one clamping module, and one locking component, the
properties of the structure, oscillation and velocity, as well
as the complexity of the control system are at an inter-
mediate level between those of the inchworm motors and
inertia motors. Moreover, each of the inchworm motors,
seal motors and inertia motors can further be classified
into walker type, pusher type, and hybrid type, accord-
ing to the relative position relationships among the main
structure modules. The walker type possesses large capac-
ity, while its velocity is smaller than the pusher type. The
characteristics of the hybrid type are intermediate as com-
pared to the walker type, and pusher type. In summary,
the structures, principles, classifications, correlations, and
performance of various types of bionic stepping piezo-
electric motors are elaborated and reviewed. The work is
beneficial for researchers and engineers to investigate the
existing piezoelectric motors and to explore novel driving
principles and methods for better engineering applications.
Future research directions are suggested as follows:

(1) The clamping components need to be improved to
reduce the vibration of the rotor during the clamping
movement.

(2) Structure optimization, lightweight material, and
advanced process can profit the compact volume, stable
operation, and performance improvement of the step-
ping piezoelectric motors.

(3) It is of significance to develop piezoelectric motors
with multiple degrees of freedom and multiple step-
ping principles.

(4) New stepping principles and novel driving methods
should continue to be explored to elevate the perfor-
mance of piezoelectric motors.
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