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Table 1. Linear Actuator Materials. After Hunter and Lafontaine (1992)2”). The Authors Noted that the Values Provided did
not always Represent Optimal Materials, as Development is Active in many of these Categories and that the Power
Needed for Accessory Systems, Such as Cooling, were not Included in the Caiculations

Type of ‘Actuator Stress(MPa) Strain(%) Strain Rate(ll) |Power Density(W/ke) | Efficiency(%)
Electrostatic (macroscopic composite) 0.04 >10 >1 >10 >20
Cardiac Muscle (human) 0.1 >40 4 >100 >35
Polymer (polyacrylic acid/polyvilyl alcohol) 0.3 >40 0.1 >5 30
Skeletal Muscle (human) 0.35 >40 5 >100 >35
Polymer (polyaniline) ) 180 >2 >1 >1,000 >30
Piezoelectric Polymer (PVDF) 3 0.1 >1 >100 <1
Piezoelectric ceramic 35 0.09 >10 >1,000 >30
Magnetostrictive (Terfenol-D) 70 0.2 1 >1,000 <30
Shape Memory Alloy(NiTi bulk fiber) >200 >5 3 >1,000 >3

Table 2. General Comparisons of (macroscopic) Robotics Motors
and Human Skeletal Muscle, in Terms of
Torque/mass and Power/mass Ratios. After
Hollerbach, et al. (1991)2%)

155 | Power/Mass
Type o et (Wik)

Sarcos Dextrous Arm

(electrohydraulic) 120 600
McGill/MIT Electromagnetic Motor 15 200
Polyacrylic Acid/Polyvinyl 17 6
Alcohol Polymeric Actuator

NiTi Shape Memory Alloy 20 6
Human Biceps Muscle 20 50
Burleigh Piezoelectric Inchworm 3 0.1
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Fig. 1. Piezoeleciric d3; mode cantilever. (a) before and (b)
after applying voltages. (c) Schematic illustration of
unimorph switch and SEM image of 130-mm can-
tilever switch with transmission lines.3>30)
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(@ (b)
Fig. 2. (a) SEM images of the PZT cantilever with resis-
tive heater. (b) AFM image of sample data tracks
written on PMMA Substrate.’”

b
Fig. 3. Schematic diagram (a) and SEM image (b) of piezo-

electric micro valve.’®
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Fig. 4. (a) Photograph of a nine-layer silicon and glass
piezoelectrically driven hydraulic amplification micro

valve, (b) two-dimensional schematic of the multi-

layer silicon and glass micro valve structure.’®
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Fig. 5. Comparison of the piezoelectric micro mirror design.
(a)y TMA (tilting micro-mirror attached to the actu-
ators) (b} TMD (torsional micro-mirror detached from
the actuators).®®
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Fig. 8. (a) Working principle of a piezoceramic element,
where the two modes of deflection and exten-
sion/contraction are indicated. (b) In the motor, the
piezoceramic elements are divided in two sets, I and
11, which can be controlled separately. (¢) Real viéw
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Fig. 9. Actuation principle of elastic fin micro motor.*

Fig. 10. Standing wave type ultrasonic micro motor.*>
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Fig. 11, Voltage-tunable, piezoelectrically transduced SCS
(Single Crystal Silicon) resonators: (a) basic con-
figuration, (b) Q-enhanced configuration, (c) SEM
images of 100-pum-long piezo-resonator with ZnO
etched in the middle area of the beam.*®

(a) (b)
Fig. 12. (a) A schematic drawing of bulk micromachined film
bulk acoustic resonator (FBAR). (b) Photomicro-
graphs of packaged 2 stages band pass filters with

6 bulk acoustic resonators and a close up view.*”
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(6) Micro ultrasonic transducer
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Fig. 13. (a) Part of 3 X 3 array of octagonal cells with a
pitch of 300 pum. (b) SEM viewgraph showing the
micromachined bridge of a suspended membrane
with the etched Pt and PZT layers.*8)

(a) )

Fig. 14. (a) SEM image of the membranes as seen for the
backside. (b) optical image of the top electrodes
as seen from the topside.*”
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Fig. 15. Optical images (top view) of fabricated rod type
PZT arrays by micro pressing method (a) before
and (b) after sintering’®

AlRIe] 3 (b)+= SiOy/Si bridge F-8-2] &j| ojulx]o]ck
Washington th}e] Firas Akasheh 5& X MEMS
TS o183t 259} ransducerg A X3Pk B
AP o] EE-E T3 152 TF0lA 2~6 MHz U]
GE-Z 7Rle 259 wransducerE A, A2l T3
ForE SA3IAch Fo| 44 um, Zo)7} 553 pmsl
membraned| A 2F 6.1 MHz 2] Z2Fu7F 245 A
02 By&E3 9tk Fig. 14 AZE pMUTSY 5i79)
SEM AR 2 QoA & 38 oluXE YeRf X Qlch
J. S. Park 5-2 ultrasonic micro transducers arrays =
A zksl7] A2 WHE A BT LIGA 332 o)
231 A =¥ PMMA vlo]3E 29} PZT green sheet

<
Ssssescssceec ey

)
=

£ o] 83} micro-pressingE AZE R 4273 A
PZT rod array S A 2317 7)o 782 &2
AlA, Fig. 159} ZH2 1-3 PZT composites-& A &8}
FTHLE Y AzRH A= I 54 L dicing

2|7} Bl B0

N o nfo
L offe oft
)

rir

o

&

4. 388 X 3

220 e S7) MEMS 71% 3 g1 Hhatol
7123} micro actuator7} iR 7 gt B =R
o] & % micro cantilevers, micro mirror, micro pump,
micro motor 12 1, micro transducers 5o th3 4%
AF N AHE AFEATE BA) macro scale?] actu-
ator7} micro scale2} actuator®] 73-9-Bt} go| EA)|3}
7] ez, ApFollE G 2he 088k micro actuator 2]
Hgo] Bt @o] g ASZ Zdjgth k3 HI o]
77 H3 e Wir)E okl 882 4= 91E nano
scale®] actuator 7 7t ool QoM x AUx &
of| 4] $=<1=8} piezoelectric actuator’} TR actuatore]] H]
& B2 F7S AR o2 Algdck

A 2

£ AP ARIAILF 9L FHFNTS] Electro-0580
ARt AL AR E ]S RAL e
A7) Ao olFolF o, olo] PATYUICk =k
AR Helg EAFA A Y ATV A=t

#u=

1. J. T. Deborah, “Ferroelectric Film Devices”, Academic
Press (2000).

2. M. E. Lines, and A. M. Glass, “Principles and
Applications of Ferroelectrics and Related Materials”,
Oxford: Clarendon Press (1997).

3. K. Uchino, “Electrostrictive actuators: materials and
applications”, Am. Ceram. Doc. Bull. 65: 643-652 (1986).

4. The piezo Book, Burleigh Instruments, Inc., New York,
USA.

5. G. H. Haertling, “Ultra-high-displacement actuator”,
Amer. Ceram. Soc. Bull. 73: 93-96 (1994).

MRHAE ..-




6. K. Onitsuka, A. Dogan, J. F. Tressler, Q. Xu, W. S.
Yohikawa, and R. E. Newnham, “Metal-ceramic com-
posite transducer”, the “Moonie.” J. Intel. Mater. Syst.
Structures 6 447-55 (1995).

7. A. Dogan, K. Uchino, and R. E. Newnham, “Compos-
ite piezoelectric transducer with truncated conical end-
caps”, “Cymbal.” [EEE Trans. Ultrasonics, Ferroelectrics,
.and Freq. control 44 597-605 (1997).

8. 1. Judy, D. L. Polla and W. P. Robbins, “A linear
piezoelectric stepper motor with submicron displace-
ment and centimeter travel”, IEEE Trans. Ultrasonics.
Ferroelectrics, and Freq. control UFFC-37 428 (1990).

9. M. Kuribayashi, S. Ueha, and E. Mori, “Excitation Conditions
of Flexural Traveling Waves for a Reversible Ultrasonic Linear
Motor”, J. Acous. Soc. Am. T7 1431-35 (1985).

10. R. Inaba, A. Tokushima, O. Kawasaki, Y. Ise, and H.
Yoneno, “Piezoelectric Ultrasonic Motor”, Proc. IEEE
Ultrasonics Symposium (1987).

11. R. M. Moroney, R. M. White, and R. T. Howe,
Ultrasonic micromotors, Proc. IEEE Ultrasonics
Symposium 747-56 (1989).

12. P. J. Schiller, and D. L. Polla, “Ferroelectric micro-
mechanical systems (MEMS)”, Infernational Symposium
on integrated Ferroelectrics, Monterery, CA (1994).

13. HT.G. Van Lintel, F.C.M. Van De Pol, and S.
Bouwstra, “A Piezoelectric Micropump Based on
Micromachining of Silicon”, Sensors and Actuators
15 153-67 (1988).

14. JW. Judy, T. Tamagawa, and D. L. Polla, “Surface-
Machined Micromechanical Membrane Pump”, IEEE
int. Conf. on Microelectromechanical Systems (1991).

15. Q.-M. Wang and L. E. Cross, “A Piezoelectric
Pseudoshear Multilayer Actuator”, Appl. Phys. Lett.
72 [18] 2238-40 (1998).

16. W. P. Robbins, D. L. Polla, and D. E. Glumac, “High
Displacement Piezoelectric Actuator Using a Meander
Line Geometry - Part I: Experimental Characteri-
zation”, IEEE Trans. Ultrasonics, Ferroelectrics, and
Freq. control 38 [5] 454-60 (1991).

17. W. P. Robbins, “High Displacement Piezoelectric
Actuator Using a Meander Line Geometry - Part [I:
Theory”, IEEE Trans. Ultrasonics, Ferroelectrics, and
Freq. Control 38 [5] 461-7 (1991).

18. W. P. Robbins, “A Planar Unimorph-based Actua-
tor with Large Vertical Displacerhent Capability - Part
II: Theory” (in preparation).

19. D. E. Glumac, and W. P. Robbins, “ A Planar
Unimorph-based Actuator with Large Vertical
Displacement Capability - Part II: Experiment” (in

ED - 4738 M3%, 200449 6%

preparation).

20. J. D. Ervin and D. Brei, “Recurve Piezoelectric-strain-
amplifying Actuator Architecture”, IEEE/ASME Trans.
Mechatronics 3 [4] 293-301 (1998).

21. S. W. Wenzel, B. J. Costello, and R. M. White, “Flex-
ural-plate Waves for Sensors and Micropumps”,
Sensors Mag. 11 47-9 (1994).

22. R. M. White, “Silicon-based Ultrasonic Microsensors and
Micropumps”, Integrated Ferroelectrics T 353-8 (1995).

23. P. Luginbuhl, S. D. Collins, G. Racine, M. Gretiilat, N.
F. de Rooij, K. G. Brooks and N. Setter, ‘“Microfabri-
cated Lamb Wave Device Based on PZT Sol-gel Thin
Films for Mechanical Transport of Solid Particles and
Liquids®, J. Micromechanical Systems 6 [4] 337-46 (1997).

24. J. Yan, ‘Piezoelectric Microvalves”, M. S. thesis, Dept.
of Electrical Engineering, University of Minnesota (1992).

25. T. Roger, Howe, Richard, S. Mueller, J. Kaigham,
and Timmer, S. N. William, and Gabriel “Silicon
Micromechanics: Sensors and Actuators on a Chip”,
IEEE Spectrum, 29-35 (1990).

26. G. T. A. Kovacs, “Micromachined Transducers Source
Book”, McGraw-Hill: 276-301 (1998).

27. LW. Hunter, and S. Lafontaine, Proceedings of the
1992 Solid-state Sensor and Actuator Workshop,
Hilton Head Island, USA: 178-85 (1992)

28. J. M. Hollerbach, LW. Hunter and J.A. Ballantyne, “The
Robotics Review”, MIT Press, (eds., O. Khatib, 1.J. Craig,
and T. Lozano-Perez), Cambridge, USA: 12-7 (1991).

29. M. Hoffman, H. Kuppers, T. Schneller, U. Bottger,
U. Schnakenber, W. Mokwa and R. Waser, “A New
Concept and First Development Results of PZT Thin
Film Actuator”, ISAF 2000. Proceedings of the 12th
IEEE International Symposium on Applications of
Ferroelectrics 2000 1 519-524 (2001).

30. E. Stemme, et al., “A valve less diffuse/nozzle Based
Fluid Pump”, Sens. Actuator 39 159-67 (1993).

31. T. Itoh, and T. Suga, “Self-exited Force Sensing Micro
Cantilevers with Piezoelectric Thin Film for Dynamic
Force Microscopy”, Transducers’95: 632-5 (1995).

32. A. Schroth, et al., “Application of Gas Jet Deposition
Method to Piezoelectric Thick Film Miniature
Actuator”, Jpn. J. Appl. Phys. 37 5342-44 (1998).

33. CC. Hsueh, et al,, “Sol-gel Drives Ferroelectric Thin Films
in Silicon Micromachining”, Int. Ferro., 3 21-32 (1993).

34. KH. Hwang, et al., “High-brightness Projection Display
Systems Based on the Thin Film Actuated Micro Mirror
Array (TFAMAY’, SPIE 3513 171-80 (1998).

35. Q.Q. Zhang, S.J. Gross, S.Tadigadapa, T.N. Jackson,
F.T. Djuth, S. Trolier-McKinstry, “Lead Zirconate



36.

37.

38.

39.

40.

41.

42,

43.

45.

46.

47.

43.

Titanate Films for d;; Mode Cantilever Actuators”,
Sens. Actuators A 105 91-7 (2003).

S.J. Gross, S. Tadigadapa, T.N. Jackson and S. Trolier-
McKinstry, “Lead-zirconate-titanate-based Piezoelectric
Micromachined Switch”, Appl. Phys. Lett., 83 (1]
1764-67 (2003).

S.Y. Lee, Caroline, W.H. Jin, HJ. Nam, SM. Cho, Y S.
Kim and JW. Bu, “Micro Cantilevers with Integrated Heaters
and Piezoelectric Detectors for Low Power SPM Data
Storage Application”, IEEE MEMS 2003; 28-32 (2003).
D.C.S. Bien, S.J.N. Mitchell and H.S. Gamble, “Fabri-
cation and characterization of a micromachined passive
valve”, J. Micromech. Microeng. 13 557-62 (2003).
D.C. Roberts, H. Li, J.L.. Steyn, O. Yaglioglu, S M.
Spearing, M.A. Schmidt, “A Piezoelectric Microvalve
for Compact High-frequency, High-differential Pressure
Hydraulic Micropumping Systems”, J. MEMS 12 (1]
81 (2003).

S.J. Kim, Y.H. Cho, H.J. Nam and J.U. Bu, “Piezo-
electrically Pushed Rotational Micromirrors for Wide-
angle Optical Switch Applications”, IEEE MEMS
2003 263-66 (2003).

T. Morita, “Miniature Piezoelectric Motors”, Sens.
Actuators A 103 291-300 (2003).

K.M. Kurosawa, “State-of-the-art Surface Acoustic
Wave Linear Motor and its Future Applications”,
Ultrasonics 38 15-9 (2002).

M. Bexell and S. Johansson, “Characteristics of a
Piezoelectric Miniature Motor”, Sens. Actuators 75
118-30 (1999).

. M.A. Dubois, P. Muralt, “PZT Thin Film Actuated

Elastic Fin Micromotor”, IEEE Transactions on
Ultrasonics, Ferroelectrcs, and Frequency Control,
45 [5] 1169-77 (1998).

Y. Suzuki, K. Tani and T. Sakuhara, “Development
of a New Type Piezoelectric Micromotor”, Sens.
Actuators A 83 244-8 (2000).

G. Piazza, R. Abdolvand and F. Ayazil, “Voltage Tunable
Piezoelectrically Transduced 'Single-crystal Silicon
Resonators on SOI Substrate”, IEEE the 6th Annual
International Conference on MEMS 2003 149-52 (2003).
JY. Park, H.C. Lee, K.H. Lee, HM. Lee, Y.J. Ko,
J.H. Shin, S.H. Moon and J.U. Bu, “Micromachined
FBAR REF Filters for Advanced Handset Applications”,
Transducers *03 The 12th International Conference
on Solid State Sensors, Actuators and Microsystems:
149-52 (2003).

P. Muralt, D. Schmitt, N. Ledermann, J. Baborowski,
P.K. Weber, W. Steichen, S. Petitgrand, A.
Bosseboeuf, N. Setter and P. Gaucher, “Study of PZT

49.

50.

108 201-11 (2003).

Coated Membrane Structures for Micromachined
Ultrasonic Transducers”, IEEE Ultrasonics Symposiunt:
907-11 (2001).

F. Akasheh, T. Myers, J.D. Fraser, S. Bose and A.
Bandyopadhyay, “Development of Piezoelectric
Micromachined Ultrasonic Transducers” , Sens.
Actuators A 111 275-87 (2004).

J. S. Park, S. H. Lee, S. S. Park, J. W. Cho, S. W.
Jung, J. H. Han and S. G. Kang, “Acoustic and
Electromechanical Properties of 1-3 PZT Composites
for Ultrasonic Transducer Arrays Fabricated by
Sacrificial Micro PMMA Mold”, Sens. Actuators A

S Gt e

4 5 &)
o AZFTHEY
g AP
okl AEFIH D
A e W7lERYA
d74dE A9dTd

- 200419
- 19944
-19924
- 19943

~8A)

ot § o
Au AR RS
78 AAEHA D
7] AR ED
AAREATY U - §YRT

19939
- 198614
- 198419
19939

~8)

24z
-1980'd  University of Stuttgart 343
(A

19739
- 19704
19924
-1998\
-2001d
20034
-20024d
220034
- 20024

~3A

) ARFUHAD
age) ARZEAAHD
FIEAL A
@7 Aoty At
st 9%
e B

HEHOJAE -



