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Abstract: This paper investigates the design, construction and performance test of an ultrasonic
clutch module which includes two piezoelectric vibrators, two support frames, a preload control
unit, a carbon brush unit and a base. For the vibrators, one vibrator acts as a driving frictiona
member connected to a driving motor, and the other vibrator acts as a driven frictional member
connected to adriven load. In doing so, the design and construction of the clutch module are first
expressed. Then, operating principle of the clutch module based on near-field acoustic levitation
Is expressed. Moreover, atest system, including the clutch module, the driving motor, the driven
load and an AC power supply unit, is constructed to evaluate the performance of the clutch mod-
ule. The AC power supply unit comprises two AC power supplies and two control switches. Fi-
nally, effects of electrical conditions on the performance of the clutch module are measured and

discussed.
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1. Introduction

Mechanical frictional clutches such as
overrunning clutches[1, 2], electrorheological
(ER) clutches [3-6], disk clutches [7-10] and
pneumatic clutches [11-13], have been ap-
plied to deliver a torque transmitted from a
driving motor to an mechanical load using a
frictional contact between the driving and
driven frictiona members for any type of
mechanical frictional clutches. For an over-
running clutch as a one-way clutch, the
one-way movement or torgue transmission
has been controlled by either the coupling of
pawl and ratchet or the wedging of wedge and
rolling pillar. The driving and driven mem-
bers are mutually separated if the direction of
the driving shaft isreverse, or the speed of the

driving shaft is lower than that of the driven
shaft. The structure of the overrunning clutch
is ssimple. Unfortunately, the size of the over-
running clutch is vast, and the noise of that in
separating state is high. For an ER clutch, a
dlight difference between driving and loading
speeds and a great impact on the members are
induced immediately after the facing surfaces
of the members are coupled or separated. For
a disk clutch, teeth and keys in each member
are needed to link the facing surfaces of the
members so as to finish the transmission of
the torque. Both a large dlip of the members
and a great impact on each member are in-
duced after coupling the facing surfaces. For a
pneumatic clutch, an air bag is mounted in
one of the members to govern the junction of
the members. However, this clutch has many
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unfavorable limitations, including large vol-
ume, large mass and high, production-cost,
etc.

Next, conventional magnetic clutches such
as permanent-magnet and magnetic-powder
clutches have been used to govern the torque
a the load side using magnetic coupling
[14-18]. For a magnetic-powder clutch, strong
magnetic links for delivering the torque from
the motor to the load are induced in magnetic
powders enclosed by a coil which is energized
by a high magnetization current. Also, the
loading torque is almost eliminated when the
magnetization current is almost zero. The
magnetic-powder clutch further exhibits an
excellent performance in following respects:
the speed control is stepless and the clutch is
protected against overload. For a constant
motoring torque, the loading torque increases
with the magnetization current. A high mag-
netization current is needed to get a large
torque transmitted from the driving motor to
the load device, and to cause a strong elec-
tromagnetic interference (EMI). The EMI ef-
fect is extremely unfavorable in specia envi-
ronments such as hospitals, precision labora-
tories, etc. In order to mitigate or solve the
aforementioned problems raised by the above
conventional clutches, an ultrasonic clutch
with piezoelectric elements such as piezo-
electric buzzers, ultrasonic transducers or
similar devices have been investigated and
patented [19]. However, the ultrasonic clutch
is not easily operated and constructed without
a modular structure. To overcome the short-
comings, the present paper tends to provide a
user-friendly modular ultrasonic clutch to
govern a torque transmitted from a driving
motor to aload device.

2. Materials and methods
2.1 Design and construction
From Figures 1a and 1b, the clutch module

comprises two piezoelectric vibrators, two
support frames, two connectors, a base, a
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preload control unit and a carbon brush unit.
Each vibrator includes two adjoining piezo-
electric ceramic disks, two non-adjoining cy-
lindrical aluminum-alloy blocks, two electric
rings and a bolt which is employed to clamp
the ceramic disks and the auminum-alloy
blocks. The vibrator is a bolt-clamped Lange-
vin piezoelectric vibrator (BLT-45282H, In-
crease-More Co. Ltd., Taipei, Taiwan) with
inner diameter of 35 mm, outer diameter of 45
mm and length of 79.5 mm. All of the frames,
connectors and base are composed of alumi-
num-alloy materials. The preload control unit
consists of two bearings with 35 mm in outer
diameter and 62 mm in inner diameter, an
aluminum-alloy preload regulator with 30 mm
in length, 62 mm in outer diameter and 30
mm in inner diameter and a wavelike steel
disk spring with 7 mm in height, 60 mm in
outer diameter and 47 mm in inner diameter
which is mounted between one bearing and
the preload regulator. The coefficient of elas-
ticity for the disk spring is around 123 g/mm.
Thus, a preload force on radiating surfaces of
the vibrators is controlled by the preload
regulator within the preload control unit.

From Figure 2, the carbon brush unit in-
cludes four carbon brush sets, a bakelite sup-
port and a metal base, where each carbon
brush set consists of a carbon brush, a spiro-
chete spring and a control screw. Then, the
AC power is sent to the ceramic disks of each
vibrator viatwo of the carbon brush sets and a
diding ring unit, as shown in Figure 3, at-
tached on the vibrator. Here, the dliding ring
unit comprises two copper rings and a plastic
base, as depicted in Figure 4. In the construc-
tion of the clutch module, the bolt of the vi-
brator is first connected to the connector.
Then, the small aluminum-aly block of the
vibrator is inserted into the central hole of the
bearing, and the bearing is further inserted
into the central hole of the support frame at
one side of the clutch module. Moreover, the
disk spring is interposed between the bearing
and the preload regulator which is partialy
screwed into the central hole of the support
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frame. Furthermore, the clutch module is
connected to a shaft of a driving motor using
a flexible coupling, and connected to a shaft
of a load device using another flexible cou-
pling.

Piezoelectric Support frame

vibrators Preload
regulator
\ g
brush unit
(d) Exploded diagram

Piezoelectric Support frame

vibrators Preload

Support regulator

brush unit

(b) Schematic diagram

Figure 1. Schematic diagrams of ultrasonic clutch
module
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Figure 2. Assembly diagram of the carbon brush
unit
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Figure 3. Structure of the piezoelectric vibrator
sliding ring unitwith

Copper ring

Figure 4. Exploder diagram of the sliding ring unit

2.2 Operating principles

Figure 5 reveds a schematic diagram of
operating principle for performing the con-
nection of the clutch module or getting a
torque at the load device from the driving
motor. From Figure 5, the radiation surfaces
of the vibrators within the clutch module are
coupled with each other to get a torque at the
load device from the driving motor if neither
vibrator is energized by AC power. Thus, the
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radiation surfaces are separated from each
other by near field acoustic levitation leading
to loss of a torque transmitted from the driv-
ing motor to the load device if one of the vi-
brators is energized by a high AC power. Re-
garding the description of the acoustic levita-
tion, as shown in Figure 6, an object with a
planar-and-rigid bottom suspends above a
radiation surface of a piezoelectric vibrator
due to a radiation pressure IT (kgw/m?) which
is applied on the planar-and-rigid bottom.
Meanwhile, many piston-like acoustic waves
occur in the space between the pla
nar-and-rigid bottom and the radiation sur-
face.

When the wavelength A of the acoustic
wave greatly exceeds the levitation height h,
i.e. A [um] >> h [um], according to Chu et al.
[20], the levitation height is given by

h=05a, -/(1+7)p,Cc2 /T (1)

where p, [kg/m?]is the density of sound in the
delivery medium, c, [m/s] is the velocity of
sound in the delivery medium, & [pm] is the
amplitude of ultrasonic vibration on the radia-
tion surface of the vibrator, and vy is the spe-
cific heating ratio. Here, the levitation height
h is defined as a distance between the bottom
of the object and the radiation surface of the
vibrator. Using eg. (1), the levitation height
increases with the vibration amplitude if the

parameters such as p,, Cs, IT and y are constant.

Also, the levitation height decreases as the
radiation pressure increases if the parameters
such as pa, Ca & and y are constant. For spe-
cia case, h=a, due to
=TT ra=0.5X[ (1+7) paCa] Y2, where Tl iS
the maximum radiation pressure. This finding
indicates that crests of ultrasonic vibrations
on the radiation surface of the vibrator are just
contact with the bottom of the object.

2.3 Test system

From Figure 7, a test system, including the
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cluch  module, a DC  servomotor
(U508T-012WL8, Sanyo Denki Co. Ltd.,
Taipel, Taiwan) and a magnetic clutch
(OPC-10, Ogura Clutch Co. Ltd., Gunma, Ja-
pan), is constructed to evaluate the perform-
ance of the clutch module. The clutch module
is mounted between the DC servomotor and
the magnetic clutch which is acted as a me-
chanical load, and connected to shafts of the
servomotor and the magnetic clutch using two
flexible couplings (MFC-25, Ta Sun Good
Enterprise Co. Ltd., Kaohsiung, Taiwan). All
of the servomotor, the magnetic clutch and
the clutch module are further fixed to a metal
base using a lot of metal screws. A photo-
graph of the test system is shown in Figure 8.
Additionally, each of the motoring and load-
ing speeds is detected by a digital optica ta-
chometer (RM-1501, Prova Co. Ltd., Taips,
Taiwan) and eight optical reflectors which are
uniformly attached on the flexible coupling
near the servomotor or the magnetic clutch.

Next, the DC voltage Vu connected to the
servomotor is controlled by a DC power sup-
ply (LPS-305, American Reliance Inc., Cali-
fornia, USA), and the sinewave voltages, in-
cluding vs and v, connected to the vibrators
within the clutch module are controlled by
AC power supplies (1) and (2) shown in Fig-
ure 9. In Figure 9, the control switch SW1 or
SW?2 is employed to control the connection or
disconnection between the sinewave voltage
Vg O Ve and the associated vibrator. Each of
the AC power supplies consists of a
full-bridge switching resonant inverter, a
driven and isolated circuit, a DC power sup-
ply (LPS-305, American Reliance Inc., Cali-
fornia, USA) and a function generator
(FG-506, American Reliance Inc., California,
USA). Here, the inverter comprises a
full-bridge switching DC chopper, a resonant
tank and an equivaent circuit of the vibrator.
In the control of the sinewave voltages, the
amplitude of the sinewave vg or vy IS con-
trolled by the DC power supply, and the fre-
guency of the sinewave voltage is controlled
by the function generator.
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3. Results and discussion

The preload force induced on the radiation
surfaces of the vibrators within the clutch
module is approximately 5 N. The motoring
speed is approximately 600 rpm when the
servomotor is energized by the DC voltage Vi
(= 22 V). The magnetic clutch as a load de-
vice is not energized by the DC voltage V¢ (=
0 V). From Figure 10, both of the motoring
and loading speeds declines as the motional
current of the vibrator increases. Hereon, the
motiona current ailmost equals the terminal
current of the vibrator, and the resonance fre-
quency of the vibrator declines as the ampli-
tude of the sinewave voltage vg oOr vy at
resonance. The results on the curve | are in-
duced by one electrically energized vibrator,
and those on the curve Il are induced by two
electrically energized vibrators. The loading
speed almost equals the motoring speed (=
600 rpm) when only one of the vibrators is
driven by alow motiona current (< 0.2 A), or
both of the vibrators are not energized by AC
power. Also, the loading speed becomes alow
speed such as 2.5 rpm when a high motional
current (> 0.9 A) drives only one of the vi-
brators. The curve Il reveals that a high mo-
tional current (= 0.98 A) markedly reduces the
loading speed from 600 to 2.5 rpm. Addition-
aly, the loading speed from the curve |
dightly exceeds that from the curve IlI.
Therefore, the clutch module is capable of
governing the torque delivery from the ser-
vomotor to the load device through AC power
control of the vibrators within the clutch
module.

Next, a multi-function meter (YF-3140, Yu
Hong Co. Ltd., Taichung, Taiwan) with an
ohmmeter function, as shown in Figure 11, is
connected to the large auminum-alloy blocks
of the vibrators within the clutch module us-
ing two probes to confirm the existence of the
ultrasonic levitation which is induced in the
space between the adjoining radiation sur-
faces of the vibrators. From the measured re-
sults, the resistance displayed on the display

of the meter approximately equals infinity,
and thus the ultrasonic levitation exists when
both vibrators are driven by a high termind
current, i.e. Iy = lp = 0.98 A. This resistance
aso amost equals zero, and thus the ultra-
sonic levitation vanishes when neither of vi-
brator is energized by AC power. For the
electrical responses of the vibrator at reso-
nance, according to Figure 12, the termind
current |l increases, and the resonance fre-
guency f, decreases when the driving voltage
Vg increases. In Figure 12, l;; = 0.42 A and f,
~ 29.28 kHz at Vg4 = 10 V. Also, 111 = 0.98 A
and f, = 28.96 at V4 = 80 V.
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Figure 10. Relationship between loading speed
and terminal current
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Probe 1 Probe 2
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Figure 11. Experimental setup for verifying separa-
tion of the radiation surfaces
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4. Conclusions

An ultrasonic clutch module is successfully
mounted between a driving motor and a
driven load for governing the connection or
disconnection of torque delivery from the
motor to the load. This module includes two
piezoelectric vibrators, two support frames, a
preload control unit, a carbon brush unit and a
base. The clutch module is further connected
to a shaft of the motor via a flexible coupling,
and connected to a shaft of the load via an-
other flexible coupling. Then, the radiation
surfaces of the vibrators are forcibly coupled
with each other, and thus the loading speed is
equivalent to the motoring speed (= 600 rpm)
when neither of vibrator is electrically ener-
gized by AC power. Also, the radiation sur-
faces are separated from each other, and thus
the loading speed is approximately zero when
only one of the vibrators is electrically ener-
gized by a high termina current (> 0.9 A)
under resonance operation. The motoring
speed is still 600 rpm. Moreover, the loading
speed decreases when the terminal current of
the vibrator increases at resonance.
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