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Abstract In this article, we review the recent developments and limitations of micro-rotary actuators
from studies on existing articles to state-of-the-art technologies, and suggest a novel conceptual design
of micro-rotary actuators. In order to achieve this, we consider three representative areas of rotary
actuators: (1) drive type (2) stable torque transmission method (3) accurate control method for rotation.
Based on the studies in these areas, we conclude that the most efficient and advanced method of
actuation for the rotary actuators is the electrostatic force actuation, with top-drive and the conductive
liquid bearing. However, in this type of actuation, rotational stability and torque transmission are
affected by friction forces, rotor wobble, and current connectivity from a stator to a rotor. All these
problems can be resolved with the application of an advanced control for the actuator. Therefore, based
on this review, we conceptually suggest a novel structure for micro-rotary actuators, that can be
controlled in a more accurate and stable manner, fabricated in smaller sizes, and can have an increased

number of kinetic degrees of freedom.
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Fig. 1. Electrostatic rotary actuators: (left) top-drive,
(right) side-drive [1]

Rotor Kolston

Fig. 2. An Electrostatic rotary actuator: wobble drive,
(left) principle, (right) actual one [1]



opo]32 3

ofzololelo] A7 B B4 U Aze Y A7

Table 2. Issues on types of microscale bearing

X Torque L Electric Problems Mechanical Active
Bearing Types L Friction A L R
transmission connection to be solved stabilization stabilization
¢ Liquid shear
. . q . * Rotor tilting
Conductive | ¢ Electromagnetic friction . .
¢ Impossible |* Large drag * Partly possible |* Necessary
type force ¢ Contact angle
. force
Liquid hysteresis
Bearings * Electrostatic Tas
Non- L * Rotor tilting
. force ¢ Liquid shear ) .
conductive X o ¢ Possible ¢ Increased ¢ Partly possible |* Necessary
¢ Electromagnetic friction R _
type device size
force
* Electrostatic
. ¢ Gas shear . e Large R
Gas bearing force L ¢ Impossible . . ¢ Impossible * Necessary
. friction instability
* Pneumatic force
* Electrostatic ¢ Static/Dynamic
Solid Bearings : A/ 4 * Impossible |* Large friction|* Possible * Necessary
force friction

Stator with 12 poles construcied by
toroidal-meander inductor

Fig. 3. An Electromagnetic (left) [21] and a
piezoelectric rotary actuator (right) [10]
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actuators based on actuating methods

Actuating Methods

Principle and advantages

Problems to be solved

* Use of electrostatic tangential force acting in the « Rotor wobble and vibration due fo the intrinsic
Top-drive vertical direction .
P . i vertical forces between a rotor and stator
* Capable of generating high speed and large torque
Flectrostatic * Use of electrostatic tangential force acting in the | * Difficult to generate large torque since it is not
forces Side-drive lateral direction easy to increase the lateral area that contributes
e Great stability behavior of a rotor to the electrostatic force
* Use of rotor rolling on the inner wall of the stator | Large contact wear
Wobble * Suitable for high speed and small torque |, S a%k eneration
applications P 8

Electromagnetic forces

Use of same principle as an electromagnetic motor
Capable of generating high speed and large torque

Difficult to fabricate a micro-scale coil
Electromagnetic interference to external devices

Piezoelectric forces

Use of the friction force generated by the contact
surface deformation of a PZT stator

Direct contact between a rotor and stator

PZT strain by resonance frequency

Large bandwidth and low power consumption

Short lifespan due to repeated contact friction
Difficult to bidirectional rotation and speed
control
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Fig. 4. (left) A rotary actuator with solid bearings
[18], (right) with liquid bearing [34]
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Fig. 5. A rotary actuator with gas bearing [24]
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A rotary &
tilting actuator
design using
electrostatic
force & liquid

Top-Dlive Mmu Side-Dlivz Motor Wohble Motor

Actuation

T Method

Driving,
sensing,
feedback
control of a
tilting actuator

Passive
Stabilization

Driving,
sensing,
feedback
control of a
rotary actuator

Stage design,
driving,
sensing,
feedback
control using
PZT actuators

Accuracy
Improvement

H/W Design & Control Appu;ach

Fig. 6. Proposed research approaches for micro-rotary
actuators: (green) the existing research to be
improved, (red) the proposed approaches to
be challanged, (pupple) novel proposed
approaches in this paper

Rotary /Tilting Actuator
Module with Rotating &
Tilting Sensors

Rotor w/ rotating sensors®—____
Electrodes for tilting actuator
& sensor

Liquid #1 Dielectric &
Lubricnat

Spring clipped hub o
Liquid #2 Sllp ring ¢——
Stators

[ —

« Stage for Tilting &
Vertical Displacement
4 Legs of Bending *
actuators w/ PZT film
Capacitive sensor
modules (Top)

« Substrate
Capacitive sensor
modules (Bottom)

Fig. 7. Concept of the proposed micro-actuator
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Fig. 8. Detail cross-section view of the rotary

actuator
Leg2 Legl Legs with Payload
piezoelectric
* bending actuators
Upward bending
segment Stage
Leg3 f Leg4

Downward bending segment

Base plane

U
Central moving platform

(a)Stage concept (Top-view) (b) PZT bending actuator concept (cross-section)

Fig. 9. Detail view of the stage and bending actuators
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Fig. 10. Concept of integrated control and sensing
strategy for the micro-actuator
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Fig. 12. Concept of rotor stabilization method
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Table 3. Proposed research approaches

Research Topics Specific research contents Figures
e A rotary actuator: a top-drive electrostatic(capacitive) actuator (could be used to measure
rotary angle)
Design of a rotary & |* A tilting actuator: an electrostatic(capacitive) actuator placed outside a rotor and stator (could
tilting actuator integrated| be used to measure titling angle) Fie. 8
with sensors, liquid * A structure of an electric connection between a rotor and stator using conductive liquid(liquid 8
bearing and slip ring slip ring)
¢ Improvement of measurement accuracy and mechanical stability using dielectric liquid
between a rotor and stator
Design of a bending
actuator & vertical ¢ A bending actuator using piezoelectric principle
displacement stage ¢ Design of a structure producing independent movements, 7%, 7,, and D, of the stage Fig. 9
integrated with angular |* Design of four capacitive sensors between the stage and substrate
sensors
¢ Generating rotational motion by 3 phase electrostatic force conversion
Design of a high ¢ Measurement and prediction method for rotational and tilting angle using capacitance variance
performance control between a rotor and stator Fia. 10 ~
system with * Force vector distribution method using 4 axis bending actuators for control of stage tilting 8‘12
simultaneously driving & | motion
sensing * High precision position control and stabilizing method
¢ Elimination of model uncertainty and disturbance
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