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Abstract. Magnifying mechanisms, which include bimorph configurations,
waveguides, resonance, mechanical levers etc, that can convert a large-force,
small-displacement piezoelectric material to become a smaller-force,
large-displacement actuator are examined in detail. Sputtering processes for zinc
oxide and lead-zirconate—titanate films, which are important for fabricating
miniature laminated piezoelectric actuators, are presented. A newly developed
laser Doppler interferometer that is especially designed for evaluating the
performance of miniature piezoelectric actuators is also described. The design
concept, optimization process, fabrication techniques and evaluation approach for
such things as a piezoelectric impact hammer, a resonant dual-dimensional
piezoelectric scanner, a Langevin type ultrasonic motor and a high-precision
piezoelectric positioning stage are also discussed.

1. Introduction *Displacement ‘

Many of the recent advancements of micro-machining
technologies have been in the area of sensing devices
(MacDonald 1990, Baltes 1993, Oharet al 1993,
Motamedi and White 1994, Martgt al 1995, Storgarrd-
Larsen et al 1995). However, the drive to search
for high-powered actuators that are capable of packing
a high energy density into a small volume has been
increasing in importance as we move towards more
practical micro-systems (Taet al 1988, Mechanical @ ® ©
Engineering1992). Out of all the potential approaches,
piezoelectric actuators stand to be one of the most
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more demanding research, development and manufacturing
needs of producing miniature piezoelectric actuators. In
this article, the underlying principle and viewpoint that
lead to the development of many new tools and many
new devices within the micro-electro-mechanical system most common configurations used to transform the large-
research collectives of the National Taiwan University force, small-displacement characteristics of piezoelectric
(NTU MEMS Collective) will be discussed in detail. actuators. The ZnO (zinc oxide) and PZT (lead, zirconate
An examination of the literature shows that the flat and and titanate) sputtering processes that seem promising for
curved laminated bimorph types of actuator (Mason 1950, making the above-mentioned laminated bimorph types of
Rogacheva 1980, Bailey and Hubbard 1985, Lee and Moonminiature piezoelectric actuator will be examined as well.
1989a, b, Lee 1990, Tzou and Gadre 1989, Tzou and Zhong  Compared to laminated bimorph types of miniature
1994, Rogacheva 1994, Sonti and Jones 1996a, b) are theiezoelectric actuator, devices based on piezoelectric stack

Figure 1. Some common piezoelectric actuating types.

0964-1726/98/030312+15%$19.50 (© 1998 IOP Publishing Ltd



Miniature piezoelectric actuators

Effective
Surfacc Electrode

Piczoclectric

Lamina
Actuator Sensor
: -
(1) Membrane Normal Force Resultant Ny (1) Equivalent Normal Membrane Strain 8

>

!
\

-

(2) Membrane Normal Force Resultant Ny (2) Equivalent Normal Membrane Strain S-_(,J

&

}
l)

(3) Membrane Shear Force Resultant Ng (3) Equivalent Shear Membrane Strain Sg

L
A

(4) Bending Moment Resultant M (4) Equivalent Bending Strain ky z
N

\
h

(5) Bending Moment Resultant My (5) Equivalent Bending Strain kzz

}
:

£

(6) Twisting Moment Resultant Mg (6) Equivalent Twisting Strain kg z

)
!

(7) Effective Pressure Resultant P gy (7) Effective Shell Displacement w g

\

Figure 2. Reciprocal relationship between laminated shell based actuators and sensors.

actuators are gaining ever more emphasis due to theirmore force than laminated piezoelectric actuators.
capabilities to output significantly more force. Piezoelectric In top-level thinking, adopting piezoelectric material in
stack actuators stacking piezoelectric layers into a stack toa laminated bimorph type of configuration is just like using
reduce the voltage level needed to obtain the same amount mechanical transformer to transform the generic large-
of displacement/force use thks mode (Chang and Wang force, small-displacement piezoelectric material character-
1988, 1990, Lee and Wu 1993, Wu and Lee 1994a, b). istics into a small-force, large-displacement configuration.
As piezoelectric stack actuators do not have the geometricOther mechanical-transformer configurations include using
effect on their side similar to that of the bimorph type the lever principle, the waveguide configuration and driving
of actuator, methodologies that transform the large-force, piezoelectric actuators in resonant modes. Design examples
small-displacement characteristics of piezoelectric actuatorsbased on this design concept will be examined in detail.
need to be developed further to facilitate the use of theseFour devices powered by using piezoelectric stack actua-
types of actuator. A comparison of these types of actuator tors and designed by using a waveguide, the lever principle
is listed in figure 1. We can see that both the single-layer and resonant effects (Chang and Wang 1988, 1990, Lee and
and the bimorph type belong to the laminated actuator type. Wu 1993, Wu and Lee 1994a, b) will be presented to illus-
It is clear from figure 1 that piezoelectric actuators of the trate this line of thinking within the NTU MEMS Collec-
laminated bimorph type can generate more displacementtive. A newly developed laser Doppler interferometry sys-
than piezoelectric stack actuators. However, piezoelectrictem specifically designed for piezoelectric micro-actuators
stack actuators are generally capable of outputting muchis also examined.
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Figure 4. Schematic of a sputtering system.

process. The processing conditions and equipment
le/ Membrane Normal developed Wi|! be described hergi.n.

Force Resultant Ny To deposit ZnO film on silicon substrates, a RF
magnetron sputtering is used in the process developed
for constructing ZnO based actuators. The sputtering
Figure 3. Effect of neglecting effective pressure in shell system (figure 4) used in our process is composed of
type structures. three major parts. The first part consists of a vacuum
chamber equipped with a turbo pump for gas evacuation,
a mass flow controller for inlet gas regulation and a water
pump for chamber-wall cooling. The second part includes
a rotatable substrate holder for seating the silicon wafer
and a target holder located above the substrate holder
to hold the ZnO target wafer. The third part embodies
a 13.6 MHz, 200 watts RF power supply for plasma
generation. Adjustable settings in this self-designed and

(b) consider effective pressure

2. Laminated bimorph type actuators

The laminated bimorph type of piezoelectric actuator drives
the da1, d32 anddsg mode of piezoelectric materials. Some
of the early research work in this area is related to laminated
piezoelectric beams, plates and shells (Bailey and Hubbard
1985, Lee 1987, Lee and Moon 19892, b, Lee 1990, Tzou o v ¢ system include chamber pressure, gas flow rate
and Gadre 1989, Tzou and Anderson 1992, Tzou 1992, ' '
Tzou and Zhong 1994, Rogacheva 1994, Sonti and JonesSUbStrate temper_ature anql RF power Ievels.__ .

’ ’ Before ZnO is deposited, a layer of silicon dioxide

19964, b). ) . ) (SiOy) is first grown on the silicon substrate using either

) The fu_ndamental _concept n des_lgnlng Iam_matec_i dry or wet oxidation. Depending on the final performance
piezoelectric actuators is to use the reciprocal relat'onSh'prequirement, a patterned aluminum film can be deposited
as shown in figure 2. In addition, the SUperposition ‘o e qun evaporation. With the substrate processed and
principle is used to understand the action of laminated qjoaneq it can be placed onto the substrate holder. The
piezoelectric actuators (Lee and Moon 1989, b, Lee 1990, 7, target is then fixed in the target holder and adjusted
Tzou and Gadre 1989, Tzou and Zhong 1994, Rogachevay, gpout 4 cm from the substrate. After the chamber has
1994, Sonti and Jones 19964, b, Chou 1997). Out of all the yeen evacuated to a pressure below®ITorr, argon gas is
seven resultants shown in figure 2, the effective pressurejnyoduced in the chamber to a pressure of 0.1 Torr. The
resultant ,;; appears only in curved actuators. In the nfiyx of the argon gas is then adjusted to a flow rate of
past, when designing curved actuatoPg; is a resultant 100 sccm. Once the RF power is fed into the chamber to
that has been traditionally neglected. Experimental as ignjte the plasma, ZnO atoms knocked out by the plasma
well as theoretical results show thad;, should be a  pegin to deposit on the substrate.
very important factor when designing curved piezoelectric  Experimental data obtained from the chamber indicate
actuators.  Considering the free flying shell shown in that the deposition rate is mainly affected by the substrate
figure 3 and using only the first six resultants of figure 2 to temperature and RF power level. For example, at a°200
examine the free-body diagram (figure 3(a)), we see resultssubstrate temperature, the deposition rate on, Si@s
which show that a curved piezoelectric lamina can exert 0.3 um h~! at a power level of 100 watts. At 06m h™?,
forces on the mass center of the shell. This error violates thethe power level was 150 watts, and at Lh b1, it was
fundamental principle of laminated piezoelectric actuators 200 watts. It is clear from our data that the deposition
and must be corrected by imposing tRg (figure 3(b)). rate increases with the power level. However, x-ray

For making miniature piezoelectric actuators, the diffraction data also suggest that the crystal orientation of

sputtering process is one of the most promising techniquesznO films grown at the above-mentioned high-powered,
currently available. Two of the most common piezoelectric high-temperature conditions is not well aligned. With
materials which are currently employed are ZnO and PZT, a processing condition development, the process adopted
both of which can be deposited by using the sputtering now is the same conditions mentioned above except for
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heating the substrate to 100. In this chosen condition,
the ZnO deposition rate will be reduced to 0.8/ h?!

at 150 watts, which is nearly 50% lower than that at the
200°C processing condition. In comparison, the deposition
rate of aluminum is 0.3%m h~! under the same condition.
The ZnO and aluminum films processed under the chosen
conditions were inspected by using x-ray diffraction. The
power diffraction pattern obtained from the x-ray diffraction
revealed a single peak at 34:°68ith a FWHM (full width

at half maximum) of 0.3 which suggests a well aligned
ZnO c-axis. More specifically, ZnO films withc-axis
perpendicular to the substrate are sputtered on both the
SiO, and aluminum coated silicon substrates at a rate of
about 0.35um h™! successfully in our newly constructed —
RF magnetron sputtering system. Integrating this process (a) 50 watts
with other miniature structure construction steps can lead to
more efficient miniature piezoelectric actuator designs and
fabrication procedures.

To deposit PZT in this RF magnetron sputtering
machine, the basic condition and operating procedures are
identical to that of the ZnO. Instead of using ZnO as the
target, PZT sputtering used a poled PZT block as the
target. Traditionally, a thin layer of SiQ platinum or
titanium is deposited at the top of the silicon substrate
before the PZT is sputtered. To extend the applicability
of PZT based actuators, PZT was sputtered on silicon,
copper, platinum, gold and electroformed nickel substrate.
Both x-ray diffraction and the Sawyer/Tower measurement
(Radiant Technologies 1992) were used to identify the
best PZT processing conditions in the magnetron sputtering
machine. Compared to the ZnO sputtering rate, the PZT
sputtering rate at 25, 0.01 Torr, 100 sccm was found to
be 0.067um h~! for 50 watts, 0.583:m h~* for 100 watts
and 1.083um h~! for 150 watts. This deposition rate is
comparable to ZnO if not faster. The scanning electron
microscope (SEM) photos shown in figure 5 indicate that
a PZT sputtered at a higher power will have a larger grain
size.

Experimental results obtained indicate that once PZT
film is sputtered, annealing processes including heating the
sample from 700 to 90QC and then gradually reducing the
temperature within 5 to 60 minutes are needed to induce
the alignment of the PZT domains. The x-ray diffraction
(XRD) diagrams shown in figure 6 clearly indicate that the
annealing process is generally needed to have the deposited
PZT film exert piezoelectric effect. It was found that
sputtering a PZT target onto electroformed nickel substrate
at 150 watts power, and then annealing at “DO0for
20 minutes arrived at the PZT film with the strongest
polarization profile so far.

(c) 150 watts

Figure 5. SEM photos of PZT thin film on silicon substrate
3. Advanced laser Doppler interferometer processed under different sputtering power conditions.

To satisfy the demands of micro-electromechanical

systems and high-performance piezoelectric actuators, theet al 1996) have long been widely accepted as practical and
performance evaluation tools must be improved rapidly. effective tools for velocity and displacement analysis. In
Metrology instrumentation that possesses both a wide today’s versatile and complicated measurement situations,
bandwidth and high resolution is urgently needed in most traditional interferometers are finding it difficult to
the field of precision engineering. Laser Doppler keep up with the current high-tech development pace.
interferometers/vibrometers (Lee and Wu 1992, 1995, Lee Compared with traditional optical metrology instruments,
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Figure 6. The x-ray diffraction diagram of PZT thin films sputtered on copper substrate before (a) and after (b) annealing at
750°C for 20 minutes.

interferometers with features such as (1) no modification freedom in placing the two light beams and the orthogonally

to measurement surfaces necessary, (2) is capable ofinear polarized states, a second polarization beamsplitter

absolute/differential detection, (3) is able to accommodate PBS2 is added to the optical path. More specifically, a

samples with significantly different reflectivity, (4) has circular polarization interferometry configuration is utilized

nanometer resolutions and (5) possesses a megahertro remove the directional ambiguity. One right circularly

bandwidth seem well suited to be adopted to examine ultra- polarized light beam and one left circularly polarized light

high-precision high-performance miniature piezoelectric beam are produced after the two returning light beams

actuating systems. traverse a quarter wave plate oriented at 45 degrees.
The advanced vibrometer/interferometer device (AVID) The vector sum of these two circularly polarized light

described herein follows the fundamental principles of laser beams is identical to a linearly polarized light beam with

interferometry (Leeet al 1996, AHEAD 1997). Two basic  its inclination angle relative to the horizontal axis that

optical layouts of this system, which can be easily converted varies with the motion of the object. This resultant, a

back and forth by simply pulling a sliding stage, are shown |inearly polarized light beam, is then divided into two

in figure 7(a) and 7(b). Light beams from a He—Ne laser or light beams by a non-polarization beamsplitter. These two

collimated visible diode laser are split into two interference polarized beamsplitters PBS3 and PBS4, whose axes are 45

arms by a polarization beamsplitter PBS1. These light degrees apart, are utilized to create the 90 degrees phase

beams 1 and 2 are both linearly polarized and are orthogonaldifference of the light beam intensity signal measured at

with respect to each other. The light beam 1 passes throughthe photodiodes. Velocity and position signals can be easily

a right-angle mirror and a polarization beamsplitter PBS2; it decoded using the signal processing schemes. The returning

is focused to a point on the test target by a doublet lens L1. heamsE,; and E, can be expressed as

Light beam 2 passes through a similar path. The outgoing

light beams and returning object beams are diametrically

incident on different locations of focusing lenses L1 and L2. E; = [1] g2 (fi+ fav)t 1)

The two returning object beams remain linearly polarized 0

and orthogonal with respect to each other after being o] .

recombined at PBS1. One thing that should be noted is that k= [1] eZriit e )

changes in the polarization states of the two returning light

beams may occur in some measurement surfaces. To fullywhere f; is frequency of the incident laser beam, afid

utilize the incident light energy, and maintaining maximum and f,, are the Doppler frequencies due to the specimen
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Figure 8. The isometric view of the newly designed
interferometer system for miniature piezoelectric actuator
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If we perform a standard quadrature signal detection of

Aperature

Mhovnt . PBS 1 Mirror
Laser the above two signals, the relative position between the two
== S e ﬂ object surfaces can be obtained in real time. Furthermore,
Microscope 4 if the electric signals from the detectors are mixed with
fens pon "] acan cianaing another electronically generated cosine and sine signal with
S ¢ N28s eonass frequencyf,. separately, we can obtain the following:
cco —
awis) ' cosine channel :
> o coq 27 (fur — fa2)t + ¢] cos(2nf.t)
] Lo = 3{cod2n (fu+ f.)r + @] + cod2n (fa = fo)t + 4]}
g PO 4 b (6)
Mirror (with sine channel :
@ FO 2 culibration PZT) . )
— —sin[27 (fur — fa2)t + @] sin(2r f1)
= z{cod2n (fu + fo)t + ¢] — cof2n (fa — f)1 + ]}
Figure 7. The two internally convertible optical where f; = fu — fa is the relative Doppler phase

configurations, which are (a) single beam and (b) dual

beam, of a laser Doppler vibrometer/interferometer. shift created by the two specimen surfaces. ~Summing

these two signals yields an output signal of cas[g +

/)t + ¢]. Sending this signal into a simple frequency-
motion. This can be shown clearly after the two returning to-voltage converter yields a velocity signal due to the
object beams pass through the quarter waveplate. TheDoppler effect. Thus this newly developed differential

recombined light vector can be expressed as follows: laser Doppler interferometer can measure both velocity and
17 . T o displacement. In addition, to increase the structural rigidity
E = {[ i ] gxrifat 4 [1] e'Z”(f“?’*“’)} x g2t (3) of the interferometer (figure 7) so as to minimize the relative

deformation that may appear in the differential paths of the
which is the vector sum of the two circularly polarized light optical system, a new mechanical configuration (figure 8)
waves and can be viewed as a linearly polarized light with was designed to arrive at this goal.
its polarization axis located at42 fu> — fa1)t + ¢]/2. If To measure miniature parts such as piezoelectric
the amplitudes of the two light beams are identical, the actuators, the measurement locations have been becoming
recombined light vector is a linearly polarized light beam more difficult to identify accurately. As our AVID
whose plane of polarization rotates through 360 degreessystem is capable of measuring relative displacement or
when the optical path difference between the two light the velocity of two locations of a small test specimen,
beams equals two wavelengths. Since the spatial axes ofthe difference and the location of the two measurement
the two polarization beamsplitters are 45 degrees apart, thepoints are important for angle identification of the specimen
quadratural signals detected from the photodiodes can beunder testing. To meet this requirement and to correct

expressed as the location measurement errors, a microscopic imaging
] system was designed to provide accurate measurement

o< [1+sin(27 (faz = fa)t + ¢)] (4) location positioning and to retrieve the testing surface image

I o [1+ cos(27 (fu — far)t + ¢)]. (5) when an external light source is added. In other words,
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sample obtained by AVID.

) . o Figure 10. Schematic of the impact hammer system
to make this system even more suitable for miniature design/calibration.

piezoelectric actuators evaluation, a built-in microscopic
measurement feature was designed into the interferometry
system described above to become an AVID, advanced
vibrometer/interferometer device (Le¢al 1996, AHEAD To achieve large motion, Chang and Wang (1988, 1990)
1997). The charge coupled device (CCD) imaging system first invented a piezoelectric impact hammer, which was
and the imaging lens (figure 7) are placed behind the designed by using the waveguide concept. Lee and Wu
observing port, which work in conjunction with the two (1993) later improved this particular mechanism. An on-
focusing lenses L1 and L2, to form a microscopic system. line loadcell (OLC) was added to the free-flying object to
During alignment, the imaging lens is positioned to measure detect the impact force. The basic layout of this newly
the angle and location of the two returning light beams. developed ultra-high-precision, high-speed impact hammer
Once the testing surfaces are positioned correctly relative System is shown in figure 10. The steel ball located between
to AVID, the image lens can be positioned to have the the PZT top holder/waveguide (HO3 of figure 11) and the
measurement surface (or measurement surfaces for the twoPZT stack (H13 of figure 11) is used to make sure the force
beam configuration shown in figure 7(b)) shown clearly on transmitted between the PZT top holder/waveguide and the
the CCD. A frame grabber was used to transfer the CCD PZT stack will be straight. The pre-load spring (H06 of
captured image to the personal computer, where the imagéfigure 11) is being used to control the externally applied
captured was used to perform further analysis. pre-load so as to optimize the momentum transfer.

To evaluate the performance of AVID, an N58 slide As .the. capacita.ncg value of the piezoelectric stack
typically used in magnetic disk drives was attached to Shown in figure 11 is in the range of 1.28, a normal
a small piezoelectric actuator and placed on top of a POWer supply will not be able to provide enough current to
typical magnetic thin film disk to mimic nanometer flying. drive the _pu_azoelectrlc sta_lck. A Iarge_ amount of charge_was
A high-speed PC based analog-to-digital converter (Gagegtored within a set of high-value high-voltage capgcnors
1995) was used to record the quadrature signal generatecj'rSt’ and t.hen all the charge was released to drive the
by AVID as indicated in (4) and (5) to give AVID a piezoelectric stack.

bandwidth of 20 MHz, which is almost 50 times wider than The seLp f_ho""” It f'guref 10 was usedl foi_ the bac
the best commercially available interferometer. The two ammer calibration and for performance evajuation.

measurement light beams were placed on top of the slidermOdel 209A (PCB 1994) Standard Quartz Loadcell (SLC)

. . , of 8.1 mV g-! sensitivity was used as the calibration sensor.
and on top of the disk, respectively. The experimental data . . .
. o The graphic user interface software LabVIEW (National
obtained are shown in figure 9.

Instruments 1993) was used to communicate with a Gage
card (Gage 1995) of 250 MHz sampling rate to record
the signal generated from the OLC and the SLC. The
4. Stack type actuators sensitivity of the OLC can be obtained by comparing the
signal between the OLC and the SLC.
Mechanically magnifying mechanisms based on the lever  The experimental data (figure 12) obtained by the OLC
principle have long been developed to overcome the indicate that several impulses are present for each impact.
problem where piezoelectric material can only generate The first impulse represents the impact forces transmitted
very small deformations (Sakamann 1980, Takahashi 1985,by the PZT stack to the flying head. The second impulse
Ota et al 1985, Fukuiet al 1986, Kitagawa 1986, represents the interaction between the flying head and the
Sakurai et al 1987, Asano 1987). Several ultra-high- test specimen. The data clearly indicate that the impact
resolution piezoelectric stages based on these mechanismtime generated is in the range of microseconds. The impact
were developed at the NTU MEMS Collective and will be location repeatability and timing accuracy of the impact
discussed in this section. hammer system was also examined. A total of ten sets of

.1. Impact hammers
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Figure 12. The impulses sensed by OLC.

pulses generated by the OLC were recorded by using a Gageoy the deformation of the laminated structure when an
card. All of these signals were triggered by an inverse TTL electric voltage is applied. Okudzt al (1986) developed
signal used to initiate the piezoelectric driving mechanism. a laser scanner using a stacked piezoelectric actuator to
The variations of the flying time © between the first  achieve a 0.01 mrad \* scanning range and a 1.6 kHz
two pulses was measured to be far less thansl The resonant frequency at botki and Y axes. More recently,
impact location accuracy was examined by checking the Cunninghamet al (1995) described a reflecting mirror
center impact mark location difference for a single impact attached to the end of a small cantilever to detect
and for a set of ten consecutive impacts under the samevibration using a quadrant detector operating at the resonant
condition and at the same location. The impact location frequency of 1.4 kHz.

accuracy was found to be in the range ofuin. These The scanner design presented in figure 13 is a new
sets of data clearly verify the performance achievable by mechanism which adopts a multi-layered piezoelectric
piezoelectrically driven impact systems. actuator to achieve high-frequency optical scanning in dual

dimensions. The basic construction of the scanner includes
a piezoelectric actuator, two V-shaped reflecting surfaces
mounted on a triangle mass, two supporting beams and
High-speed scanners play important roles in many recenta driving plate connecting the two driving beams. When
industrial applications including laser printers, optical the scanner is operated at the resonant frequency, the
storage devices and inspection instruments. The commonreflecting surfaces oscillate at the corresponding vibration
requirement of these types of scanner is that they havemodes. The incident light will then be reflected accordingly
fast dynamic response, high resolution and miniature to perform the scan function. In the design shown in
dimensions. figure 13, the dual-dimension scan is achieved by oscillating
Steinhaus and Lipson (1979) described a flexible mirror the scanner at two distinct resonant modes. Driving the
constructed from a laminated glass plate and piezoelectricpiezoelectric actuators electrically induces the resonant
ceramic. The geometry of the mirror could be changed motion. The symmetric design enlarges the total reflecting

4.2. Dual dimensional scanner
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Figure 13. Schematic design of a scanning mechanism, with 1: piezoelectric actuator, 2: reflecting surface, 3: supporting
beam, 4: triangle mass, 5: driving beam, 6: driving plate and 7: base plate.

angle. More specifically, whenever the reflecting surface contact. The flatness and parallelism of the surface which
rotates at anglé, the incident light beam will be reflected adapts the actuator should be precisely maintained. The
by 29 angles at each V shaped reflecting surface which actuator should also be placed in a precise location to avoid
results in a total of 4 reflecting angles. With the tight having lateral forces exerted on the mechanism.
closed loop mechanical design adopted, the scanner can Mode shapes were used to control the dual-dimension
be operated at a high resonant frequency. Furthermore,motion of the scanner. The vibration modes used including
this design also reduces geometric error induced by thermalthe first and second bending, and the first and second
drift. torsion. Figure 14 illustrates the respective vibration modes
The multi-layered piezoelectric ceramic stack measures and the corresponding scanning path of the reflected light
2 mmx 3 mmx 10 mm and serves as the actuator to beam. Only the bending modes used in the optical scan of
provide force and displacement to the mechanism. It the X- and Z-direction are to be discussed in detail herein

offers a maximum displacement of 9m at 150 V DC, as the scanning path induced by other resonant modes can
generates 200 N force and is resonant at 138 kHz. Whenbe easily inferred from the discussion of the bending modes.
subjected to an externally applied voltage, thg mode It is clear from figure 14 that the torsion modes are also
piezoelectric actuator oscillates longitudinally in the good for scanning in th&X—Z-plane. One of the critical

direction as shown by the double arrow in figure 13. Using design goals was to separate the resonant frequencies far
the actuator as the excitation source, the driving plate from each other to avoid the coupling effect among these
attached to the actuator in turn excites the driving beams, modes.
the triangle masses and the supporting beams. Similar to the requirement for scanners, the primary
Fabricating the scanner involves two steps: machining requirement of our scanner was to possess both high
the base plates and the elastic beams from a metal blankyesonant frequency and a wide scanning range. In addition,
and installing the piezoelectric actuator into the machined to achieve a modal de-coupling requirement of the scanner,
metal blank. The scanner itself was machinedrfr3 mm the dominant parameters of the mechanism as shown
thick 6061-T6 aluminum blank. The overall dimension of in figure 13 were extensively studied to observe their
the scanner is 5 mm 8.5 mmx 3 mm. Preventing the influence. In this study, the ANSYS (Swanson 1993)
degenerate vibration modes of this complex structure, thefinite-element method (FEM) software was used to perform
geometry and dimension of the mechanism were preciselythe required modal analysis. Three-dimensional structure
maintained. Special attention was paid to mechanical elements were used to construct the finite-element model
components such as the supporting beam and the drivingin order to observe the mode shape clearly. The electro-
beam, which are shown to have strong influence on the mechanical coupling element in ANSYS was used to
resonance of the scanner by finite-element analysis. Tosimulate the electrical and mechanical behavior of the
meet the stringent requirements of these parts, a precisionpiezoelectric actuator used.
wire-cutting process was used to fabricate the scanner. The Using ANSYS, the resonant frequency and the
installation of the piezoelectric actuator was also found to corresponding mode shapes of the mechanism were
be very important. The adhesion between the piezoelectriccomputed and identified in detail. The final dimension
actuator and the mechanism must be in complete surfacechosen was determined from a parametric analysis. The
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Figure 14. Vibration modes of the scanning mechanism used to reflect the light beam.

calculated resonant frequencies of the first two bending the DSA was used as the excitation source. The displace-
modes were 19707 Hz and 50977 Hz respectively, and ment data measured by the laser interferometer were used
of those the first two torsion modes were 37018 Hz and as the output response signal to be fed into the dynamic
44 601 Hz, respectively. signal analyser. From the measured frequency response
To verify the scanner performance, the scanner de- functions, the resonant frequencies were then found and
signed by using ANSYS was fabricated and its performance the corresponding vibration modes were also identified by
was experimentally evaluated by mechanical, electrical andthe typical modal testing procedure. The measured res-
optical measurements. Our mechanical measurement invesenant frequencies for the first and second bending modes
tigated displacement sensitivity, resonant frequencies andoccurred at 23.8 and 48.8 kHz respectively, and at 34.2 kHz
the vibration modes of the scanner. The displacement sen-and 44.7 kHz for the two torsion modes respectively. These
sitivity was measured by using a laser interferometer men- results agree well with the FEM analysis results except for
tioned above (Leeet al 1996, AHEAD 1997) that has a the first bending mode.
measuring resolution of better than 2 nm and a bandwidth Our electrical measurements, which adopted a Tek-
of 20 MHz. The laser interferometer measures the scan-tronix current probe (Tektronix 1987) to measure the elec-
ner motion at different positions to investigate the resonant tric current through the piezoelectric actuator during the
frequencies and the corresponding vibration modes. Theswept excitation, was used to further investigate the reso-
DSA function of AVID (AHEAD 1977), which is similar nant and anti-resonant frequency of the electrical system of
to the dynamic signal analyser (Hewlett Packard 1991) was the newly developed scanner. The resonant frequency for
used to perform a transfer function measurement and thethe bending modes was found at 23.98 kHz and 48.5 kHz
piezoelectric actuator driven by an output source signal of respectively, and 36.13 kHz and 44.38 kHz respectively for
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the two torsion modes. The anti-resonant frequency of the ~
first bending mode was also found at 25.74 kHz where the (S erone

.. . . PZT Disk

local minimum current existed. From the resonant and anti- A A '-3;%’4
resonant frequencies for the first bending mode, the electro- t “—Poling Direction
mechanical coupling coefficient was found to be 0.364. Eti/ — ;_’lef‘;‘?d;

Finally, the scanning performance of the scanner was Longitudinal Q g EE‘——/\/Polinz Direction
measured by performing an optical measurement. The %Sfm{“/ N3 ' (= & Blectrode
positions of the reflected laser beam projected to a plane = \_LV IE AN
parallel to theX—Z-plane were dynamically measured by Mode — %kﬁ \ Poling Direction
a 0.1 um resolution quadrant detector. The light source  V=or (44w} | __ Electrode
used is a 15 mW He-Ne laser. The calibration of the iﬁ)Q D ~PZT Disk
guadrant detector was conducted first to correlate to the ‘ s Poling Direction
given displacement of the light beam with its output |(_20'mm _91 A VElectmdc
electrical voltage. The scanner was operated to its first LA

two bending modes and the scanning range was detected by

using the quadrant detector. The reflection angle sensitivity Figure 15. Exploded view of the ultrasonic motor.

of the scanner was calculated from the quadrant detector

output data. The measured reflection angle sensitivities

were 88.76 and 19.2@rad V! when operating at the first  at a driving frequency of 40 kHz. The longitudinal

and the second bending modes respectively. The maximumwave and shear wave velocities in brass are 3672 and
reflection angles for the scanner were found to be 13.3 mrad2298 m s?, respectively. As the stator should have a

and 2.89 mrad respectively. total length approximately equal to one half wavelength
of the longitudinal mode, it was designed to be around
4.3. Langevin type ultrasonic motors 46 mm. Using ANSYS to analyse the resonant frequencies

of the stator, the length was determined to be 41 mm with a
Ultrasonic motors, featuring a simple structure, high torque neck located 10 mm from the end surface (figure 15). The
and low speed, have been actively studied. These motorsresultant design, which is 20 mm in diameter, had a first
use contact forces to cause the rotors to rotate. For alongitudinal mode at 39588 Hz and a first shear mode at
traveling-wave ultrasonic motor, a bending wave traveling 39734 Hz.
in a ring or a disk generates the contact force on the rotor. Two sets of PZT disks were used to drive the motor
This type of ultrasonic motor has been applied to auto- (figure 15). The PZT disks (Keramos, K-270) had the
focusing lenses (Hosoe 1989). For a Langevin ultrasonic electromechanical Coup|ing coefficientsz = 0.7 and
motor, a combined longitudinal and torsional vibration ina g,z = 0.71 (Keramos 1993, Valpey-Fisher 1995). Two
cylindrical rod produces intermittent contact forces to drive shear mode disks, each consisting of four PZT plates, were
the rotor (Ohnishiet al 1993). Compared with a traveling  |ocated 13 mm from the stator—rotor interface to generate
ultrasonic motor of the same diameter, its torque is larger tangential motion at the interface. Two longitudinal mode
by one order of magnitude. This type of ultrasonic motor disks located 22 mm from the interface were used to
developed at the NTU MEMS Collective will be discussed generate the normal motion. Driving these two sets of
in detail in this section. disks from the same power supply with an appropriate phase

A typical multi-mode vibrator type ultrasonic motor difference induced rotor motion (figure 15).

(figure 15) can be separated into three parts. The first  Experimental data indicate that this motor had a peak
part is a cylindrical stator used to produce the normal and speed of 30 rpm at a zero external load when it was driven
the tangential motions at its end surfaces. The second parlpy a 72 Vi, power supply. This rotation speed dropped
includes two separate vibrators to generate longitudinal andto 15 rpm at a load of 4 103 N m. The efficiency at
shear vibrations in the stator. The third part adopts a rotor this speed was computed to be around 20%. These data
to convert the vibratory motion at the stator surface into a indicate that a simple Langevin type of ultrasonic motor

rotary motion. In a typical stator configuration, longitudinal has been successfully designed and demonstrated.
waves propagate at a much higher speed than shear waves.

The resonant frequencies of these two modes are thu
different without special design considerations. However,
if the rotor is to be operated smoothly, the longitudinal and The goal of the micro-positioning stage was to provide
the shear modes must be of the same frequency and musa precision linear positioning mechanism with a long
be synchronized. To achieve our Langevin ultrasonic motor travel range. The schematic representation of the micro-
design goal, a ‘neck’ as shown in figure 15 was made in positioning stage to be discussed is shown in figure 16. The
the stator to shorten the propagation length of the sheararrows in the figure indicate the stage component motion.
wave while keeping that of the longitudinal wave nearly The stage consists of an amplifying device and a parallel
unchanged. leaf spring guiding device. The amplifying device used to
An experimental ultrasonic motor design based on the amplify the length changes of the piezoelectric actuator,
above-mentioned concept was constructed in the laboratory.component 1, is composed of a multiple Scott—Russell
The motor (made of brass) was designed to operate mechanism (Martin 1982) that is indicated by components

°4.4. Linear micro-positioner with long travel range
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100mm

Q thickness : M O

Figure 16. Schematic representation of the micro-positioning stage. 1: PZT, 2: the first linkage, 3: the second linkage, 4:
platform, 5: leaf springs, 6: tapped hole, 7: cut-out slot to form flexure hinges, 8: flexure hinges. The key dimensions are
represented by the control factors A to M.

2 and 3in figure 16. The parallel leaf spring guiding device performance, quality and cost optimization, it was adopted
guided the stage platform motion and prevented lateral to solve our type of design problem. Its essence is to
displacement and angular deviation. The flexure hinges identify the optimal values of the control factors such as
fabricated with a single metal blank can avoid backlash, stage design variables by using orthogonal arrays, signal-
stick—slip friction and the need for lubricants. Components to-noise (S—N) ratios and analysis of variance (ANOVA).
1 to 5 were connected in sequence to transmit the motion A total of thirteen control factors respectively denoted by
of the actuator to the platform. A, B, C to M were used in this design optimization case.
The motion of the components in the micro-positioning The physical meaning of each control factor is shown in
stage is described as follows. The length of the figure 16. The thirteen factors can be assigned td.an
piezoelectric actuator, component 1, changes with the orthogonal array that is the most possible economical array.
externally applied driving voltage on the piezoelectric After completing all trials and finishing with the analysis of
actuator. This length change pushes or pulls the inputthe data, the recommended optimum settings of the control
terminal of the first stage of the Scott—Russell linkage, factors were found and listed in table 1.
component 2, and causes displacements at the output To verify the optimized design, the critical performance
terminal of the linkage. Similarly, the second stage of of the stage fabricated was measured experimentally using
the Scott—Russell linkage, component 3, is driven by the the laser interferometer mentioned above. The measured
output displacement of component 2. Finally, the platform, maximum output displacement was 112n at a 100 V
component 4, moves due to the output motion of the seconddriving voltage. The angular deviation of the output
linkage. The leaf springs, component 5, joined to the platform was also evaluated. The angular motion of the
platform can offer a reaction force to prevent the platform stage was found experimentally to be less than 0,278l
from rotating and moving laterally. The two stages of for a 1 wum output displacement at a low excitation
the Scott—Russell linkage were designed to amplify their frequency. This performance translates to a maximum
input displacements so that the derived travel range of theangular deviation of 31.13@rad at a 112um maximum
platform is significantly larger than the range of the length output displacement.
changes of the actuator. Smooth linear output displacements as a function of
The overall design problem for this stage lay in how to the applied voltage were expected. Figure 17 shows the
optimize the geometry and the configuration of the flexure measured displacements as a function of the voltage applied
hinges and the Scott—Russell linkages. The goal was toto the piezoelectric driving element. In figure 17, the
achieve a maximum mechanical displacement gain and asignal designated as voltage 1 is the sinusoidal wave from
minimum lateral displacement while taking into account the a function generator option of AVID measured by using
demands imposed by the stretch and bending of the flexurea 10x probe, i.e., a 1 volt recorded signal represents a
hinges and linkages. As the Taguchi method for quality 10 volts driving voltage. The AVID displacement signal
engineering (Ross 1988) is a method for searching for was used to measure the platform motion, and shown as the
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Table 1. Optimum level for each control factor. All factors

are in mm, except that B and G are dimensionless. ) T
Optimum result v
Level Value g
1st total length A 1 50 § i ¥ ]
linkage amplifying factor B 3 5.0 g IR I T
width of flexure hinge C 2 0.4 D
parameter for width of g S L .
link 1 D 3 135 e _
parameter for width of T r T T
link 2 E 1 8.5
2nd total length F 3 48.0 i T 1
linkage amplifying factor G 1 4.0 L )
width of flexure hinge H 1 0.3 v -
parameter for width of Voltage (2 V/div)
link 1 _ I3 13.5 Figure 18. The measured hysteresis curve with a
parameter for width of compensator.
link 2 J 1 4.0
Leaf parameter for length K 3 24
spring  width L 1 0.3 A wide dynamic operating range is needed for a
Thickness of whole stage M 3 10.0

precision-positioning device. The dynamic signal analyser
(Hewlett Packard 1991) was used to measure the frequency
response between the stage displacement and the input
voltage. The first natural frequency of the system was
found to be 83.5 Hz. The step response of the output
member of the stage revealed that the settling time of the
stage is approximately 50 ms at 10% full travel range.
To identify the finest resolution of the stage, a stairway-
type command signal was used to drive the piezoelectric
actuator of the stage. During the experiments, the applied
voltage of each ‘stairway’ was attenuated successively to
determine the lowest input that the stage response could
still distinguish. The stage displacement resolution was
determined to be 0.04m. The experimental data obtained
- testify to the validity of the design methodology described

! in this section for designing long-travel-range piezoelectric

T Vemm vy micro-positioning stages.

(arp/unt ¢) yuawaoeydsi(

Figure 17. The measured hysteresis curve without .
compensator. 5. Conclusions

Piezoelectric materials have long been known for their
displacement in figure 17. The experimental data shown in capability to output large forces and pack very high energy
figure 17 clearly demonstrate that hysteresis in the stagedensity into a small volume. These excellent properties
induces about 22.5% of the maximum displacement offset have made piezoelectric materials one of the primary
upon return to 0 V. candidates to drive miniature mechanisms. However,

To reduce the hysteresis of the piezoelectric-actuatedthe difficulties of fabricating a miniature piezoelectric
stage, a simple open-loop technique (Duong and Garciaactuator and the small displacement that piezoelectric
1995) was used. This open-loop compensator is able toactuators can exert imposes some shadow on piezoelectric
compensate for the phase lag inherent in the piezoelectricactuators being further adopted. To further promote the
stage. It used a phase-lead compensation analog circuitrapid development of miniature piezoelectric actuators,
that required no feedback from the output member of the the sputtering processes for ZnO and PZT, that are
stage so as to make the whole controlled system simple.important for miniature laminated piezoelectric actuators,
The phase-lead compensation circuit was placed betweerhave been examined to identify the important parameters
the power amplifier and the piezoelectric actuator while for making sputtered piezoelectric materials of high
the function generator signal was treated as the commandpolarization profiles.
signal. The transfer function of the circuit was chosen so A newly developed laser Doppler interferometer that
that it canceled out the frequency dependent phase lag ofwas especially designed for evaluating the performance of
the stage over the low excitation frequency range. The miniature piezoelectric actuators was also described. This
excellent performance of the compensated hysteresis of thdaser Doppler interferometer adopted a circular polarization
piezoelectric stage shown in figure 18 is a testimony of the interferometer configuration so as to arrive at a miniature
effectiveness of this phase-lead compensation scheme.  yet rigid structure for high-precision measurements. The
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built-in microscope provides the user with @n situ under project numbers NSC 84-2623-D-002-002, NSC 85-
observing capability. In addition, the microscope serves 2221-E-002-051, NSC 85-2221-E-002-052, NSC 85-2221-
as an excellent tool for locating measurement location E-002-053, NSC 85-2612-E-002-056, NSC 86-2212-E-002-
accurately. Combining these characteristics with the better040, NSC 86-2212-E-002-094, NSC 86-2212-E-002-096
than 2 nm displacement measurement resolution and theand CS 86-0210-D-082-004.

DC to 20 MHz bandwidth, makes this laser Doppler

interferometer an excellent tool for evaluating miniature
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