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A Piezoelectric Microvalve for Compact
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~ Abstract—A piezoelectrically driven hydraulic amplification ~ of these systems are capable of pumping liquids with flow
microvalve for use in compact high-performance hydraulic rates on the order of 1000-30@4./min (0.017—0.050 mL/s)
pumping systems was designed, fabricated, and experimentally 54qingt differential pressures of no more than 10-50 kPa.

characterized. High-frequency, high-force actuation capabilities . ) .
were enabled through the incorporation of bulk piezoelectric ma- In an effort to develop higher differential pressure and

terial elements beneath a micromachined annular tethered-piston higher flow rate micropumping systems for both actuation and
structure. Large valve stroke at the microscale was achieved power generation applications, a novel class of micro-hydraulic

with an hydraulic amplification mechanism that amplified  transducer (MHT) devices has been introduced [9]-[13]. These
(40 x —50) the limited stroke of the piezoelectric material into  ya\jices, which integrate bulk piezoelectric materials within stiff

a significantly larger motion of a micromachined valve membrane - hined struct to f fluid . hamb
with attached valve cap. These design features enabled the valveMCromachined structures to form a fluid pumping chamber

to meet simultaneously a set of high frequency1 kHz), high and two active valves, are designed to enable high frequency
pressure(>300 kPa), and large stroke (20-3Qum) requirements pumping of fluid (1-10 kHz) against pressure differentials
not previously satisfied by other hydraulic flow regulation mi-  on the order of~0.4—1 MPa, creating flow rates near or in
crovalves. This paper details the design, modeling, fabrication, oy cess of 0507, /5. The performance of these MHT systems is
assembly, and experimental characterization of this valve device. directl d by th izati trok df
Fabrication challenges, such as deep-reactive ion etching of the Irec Y_Qoveme y_ € pressurization, stroke, and frequency
piston and valve membrane structures, wafer-level silicon-to-sil- capabilities of the active valves employed. The development of
icon fusion bonding, wafer-level and die-level silicon-to-glass a microvalve for use within these MHT systems is the subject
anodic bonding, preparation and integration of piezoelectric of this paper.
material elements within the micromachined tethered piston  Ajthough a significant amount of literature is available de-
structure, and filling of degassed fluid within the hydraulic ibina the d | tof acti ve devi dtechnol
amplification chamber are detailed. [g20] Scribingthe developmentofactive valve devices and technology,
few if any have been designed for high frequency control of
high differential pressure liquid fluid flows. Microvalve designs
using thermopneumatic actuation [14], [15], thermal bimetallic
actuation [16], SMA actuation [17], electrostatic actuation
|. INTRODUCTION [18], [19], electromagnetic actuation [20], [21], piezoelectric

HE development of a fluidic microvalve, capable Opende.r-type actyation (both thin-film gnd thick film) [22], [23],
I high-frequency control of high-differential pressure quui(fmd piezoelectric stackjtype actuation [24]-{26] have bgen
IQresented. All of these microvalves share a common operational

ﬁometry in that a valve cap is affixed to a diaphragm or mem-
Et&ane structure which carries the cap through a predetermined
troke. Based on the reported capabilities, none of these valves is
fjeoable of simultaneously satisfying the set of high frequency,
of um-size tolerances and which produce overall micropu gh differential pressure, and large stroke requirements needed

dimensions on the order of a few millimeters to a few centim vithin full MHT liquid micropumping systems. .
: eEi’he thermal actuation designs (based on thermopneumatic,

%ermal bimetallic, and shape memory alloy principles) po-

Index Terms—Hydraulic amplification, MEMS, micropump,
microvalve, piezoelectric.

fluid flows, is a key task in the realization of compact high pe
formance micropumping technology. Currently, many resear
efforts around the world are underway to develop compa
liquid micropumping systems, the term “micro” referring t

devices which are created with fabrication procedures capa

for low pressure and low flow rate applications (i.e., dru

dispensing and microdosing) [1}-[8]. The higher performin ntially can achieve large stroke and reasonable actuation

rce. However, these devices exhibit excessive power con-
sumption and poor response times on the order of seconds.
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needed to actuate the valve structure. Piezoelectric thin-fi - ~8mm -

and thick-film bender-type designs are limited in their ability t INLET Flow
generate both high force and large deflection output. The wc
in [24]-[26] aimed at solving this limited valve stroke problen
through the use of a stack-type piezoelectric actuator mate!

i ) Valve Cap Valve
attached directly to the valve membrane. In order to achie % Orifice
a reasonable stroke of @n, however, the piezoelectric stack Hydraulic
material was required to be quite longqg mm), and the valve Amplification OUTLET
membrane structure was designed to be relatively complicc Chamber Top
to compensate for the tolerance mismatch between the st& Drive Support

. . 0 Structure
and the surrounding structure. These characteristics resulte: Piston

limited differential pressuré< 50 kP3 and limited frequency
(< 50 Hz) capabilities for the valve device.

A promising concept for achieving high frequency opere
tion (>1 kHz) in conjunction with large differential pressure
(>300 kPa) and large valve stroke (20—3@.) capabilities in-
volves the use of miniature-sized bulk piezoelectric elemer... Bottam Support Structure
(for example 1 mm in thickness—almost an order of magnitude
smaller in length than those in [24]-{26]), actuating a stiff miFig. 1. A schematic of the piezoelectrically driven hydraulic amplification
cromachined piston-type structure, with an integrated area-ratisrovalve. The primary structural components are designated with arrows.
hydraulic amplification mechanism for amplifying the |imite0ExternaI hydraulic system pressure loading is applied on the top surface of the

. . . L R valve cap and membrane.
deflection of the piezoelectric material into a significantly larger
valve cap stroke. This concept for microscale systems has been
introduced in [12] and [13]. Numerous macroscale piezoele@ent, an enclosed hydraulic amplification chamber (HAC), and
tric hydraulic amplification mechanisms have been presenteddmembrane with attached valve cap. The drive elementincorpo-
the literature. In an application for active vibration control, sates a circular piston structure supported from beneath by one
piezoelectric actuator uses the volume change of a piezoelecttienore small bulk piezoelectric cylinders and is suspended cir-
ring to create a large deflection of a smaller area contact surfaanferentially from a surrounding support structure by thin an-
[27]. In an application for vibration control of a rotary dynamicular micromachined tethers. This novel compact “piston-type”
system, the deflection of a stack-type piezoelectric actuatordesign enables high frequency actuation against a large external
coupled through an hydraulic line to a smaller size piston, whighessurization due to the high stiffness of the piston structure
helps to control the motion of a rotating shaft [28]. These arahd integration of miniature bulk piezoelectric elements beneath
other [29] piezoelectric hydraulic amplification mechanisms athe piston using a thin-film bond layer.
novel in design, yet do not face the difficult fabrication, as- The lateral dimensions of the tethers are designed to make
sembly, and tolerancing challenges inherent in the developmeitd tethers compliant enough to allow for rigid piston motion up
of microscale systems. and down, yet stiff enough to resist bowing under pressurization

This paper details the development of a compact piezoelegused by the hydraulic fluid above the tether during actuation.
tric hydraulic amplification microvalve to enable the realizatiorrhe tethers provide a seal between the hydraulic fluid above the
of high frequency, high differential pressure micropumping sygiston and the piezoelectric chamber below the piston, and also
tems. The paper is organized as follows. Section Il describes #i@vide a path for electrical contact to the top surface of the
microvalve geometry and its principle of operation. Section Ifiezoelectric cylinders. The fluid chamber resides between the
presents modeling tools and dynamic simulations that were dgp surface of the drive element piston and the bottom surface of
veloped to design the valve structure. Section IV outlines thghin, smaller diameter silicon micromachined valve cap mem-
fabrication and assembly procedures developed to create §agne. In response to applied piezoelectric voltage, the piezo-
active valve device. Section V details the results of two SuBtectric material strains. The resulting deflection of the drive
component studies carried out to validate the concept of the @fsment piston generates a pressure within the hydraulic am-
tive valve. Section VI outlines the final active valve design 98slification chamber which in turn deflects the valve cap and
ometry. Section VI presents an overview of the measuremefbmprane against a fluid orifice, thereby regulating fluid flow
set-up and experimental test plan to evaluate the valve perfgyiygh the external hydraulic system. The pressure loadings on
mance. Section VII_I discusses thg experimental r_esul_ts and piigs valve cap and membrane during device operation depend on
vides model-experiment correlation for the quasistatic and dyjs external microfiuidic system application. The piezoelectric
namic performange of the QC“VG valve device. Last, Section material capabilities, the ratio of the piston diameter to the valve
presents conclusions for this research work. membrane diameter, the compliances of the fluid and structural
elements in the chamber, the severity to which the valve cap
membrane experiences nonlinear behavior, and the nature of the

The microvalve geometry is shown in Fig. 1. The active valvexternal loading all contribute to the performance of this mi-
consists of three primary components: a piezoelectric drive etgovalve device.

Annular
Tethers

Thin-Film
Bond Layers

Piezoelectric Element

Il. PRINCIPLE OF OPERATION
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Annular Tethers | 1‘3& Drive Element Fig. 3. Numerical modeling tools were used to generate look-up tables
Znt i T Piston for the nonlinear large deflection behavior of the valve cap and membrane.
p - + Given a prescribed valve cap displacemént. and pressure loading across
) Vp the membrane?, .., a look-up table for each of,., dV,.,, ando,,, was
. . — enerated.
Piezoelectric Material " 9
Tp numerical modeling tools, detailed in [30], were incorporated

AL into the overall active valve structural model for this purpose.

To capture the nonlinear effects of the valve membrane de-
formation at high frequency, and to include important dynamic
effects, such as the drive element piston inertia and the valve cap
Fig. 2. Structural components included within active valve analytical modénema and damping, a Slmu“nk SImUIa_tIO_n arChlte_Cture was _de-
All structures were modeled using linear theory, except for the valve cap a¥@loped. The structural compliances within the active valve sim-
membrane structure, which required the development of nonlinear numerigdgation were based upon the linear and nonlinear modeling tools
modeling tools. discussed above. Look-up tables were implemented within the

simulation to enable efficient calculation of the valve membrane
I1l. M ODELING AND SIMULATION deflections and stresses at every time step. Taking as inputs the
valve cap displacemeit, . and the net pressure across the valve

Comprehensive quasistatic and dynamic analytical modeliggembrane?,,, = Puac —Pour, @ lookup table was employed
tools were developed in an effort to design the valve structuigr each of the following output variables: the valve cap force on
based on operational requirements and subsequently to pregietmembrané,., the swept volume beneath the valve cap and
the valve behavior in response to applied piezoelectric matesaémbranelV,,,, and the maximum radial stress in the mem-
voltage and external pressure loading. As shown in Fig. 2, th@aneos,,,,,.
piezoelectric material behavior, the bending of the drive elementDynamic relations for the valve cap and drive element piston,
piston and deformation of the annular tethers, the hydraulic agthematically shown in Fig. 4, were also implemented to incor-
plification chamber fluid compressibility, the structural compliporate structural mass and damping. The dynamic behavior of
ance of the top support plate, the structural deformation of i€ drive piston structure and the valve cap structure can be de-
bottom support plate, and the deformation of the valve cap aggtibed by the following relations, respectively,
membrane structure were captured by these modeling tools (see ) )

Flg 3) MpiSZtﬁ + CpiSZt€ = Apr - ApiSPHAC + Fte (l)

The deformations of the plate structures were modeled using MyeZope + CoeZne = Ape(Puac — PiN) + Fye ()
bending and shearing relations to determine the structural de-
flections and fluid swept volumes. Detailed discussions of thes#iereA,;, is the piston aredl/y; is the piston massj,, is the
active valve modeling procedures are found in previous pupiezoelectric material ared,,. is the valve cap area, and,,.
lications [12], [13]. Although the majority of structural defor-is the valve cap mass. The damping coeffici@pt is a lumped
mations within the valve could be evaluated using linear plaparameter that includes the effects of structural damping in the
theory, the modeling of the valve cap and membrane structtethers and damping due to fluid-structural interaction within
had to include in-plane tensile relations to properly capture thfee hydraulic amplification chamber. The damping coefficient
nonlinear large deflection behavior associated with valve céfy. is a lumped parameter that includes the effects of struc-
deflections in excess of the membrane thickness. Associatathl damping in the valve membrane and potential squeeze film

VIPI4
ANNNN

Bottom Support .
Zpot"
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‘mﬁ F’IN(UE Phac (1) to satisfy performance requirements and to provide model cor-

e L1111 _I Fie() LLLLILLLLLILLLLL _TZ 0 rilgtion forfsubhsequent ex?erimental resu]!tsh. The .simul(laltion ar-
Zyc(t) Mois . Coi te chitecture for the structural components of the active valve con-

l l | ; :ITST ITS ‘ sisted of four major subsystems, as shown in Fig. 6: a matrix
Prsc (1) Tp() of linear coefficients describing the active valve structural be-
havior, including that of the piezoelectric material, a collection

(a) (b) of nonlinear look-up tables that captures the large-deflection

valve membrane deformation and stress behavior, a valve cap

Fig. 4. Dynamic modeling of the valve cap and drive element pisto ; ; i i
structures: (a) valve cap masd,, ., and damping(’..; (b) piston massi/;s, aynamlcs block, and a drive piston dynamlcs block.
and damping(',;s. Values for the damping coefficients were estimated, then

verified through experimentation. I\V. FABRICATION AND ASSEMBLY

p The fabrication process flow for the microvalve involved
N |_| ¢ the micromachining and assembly of three silicon-on-insulator
5 A 1 L!:H | 5 Pn Ar As A, Pour layers, tvyo silicon Iayers, and four_gla;s layers. A crc_)ss—section
OUT %24 ; Ao out __/I—T\_, schematic of the microvalve device is shown in Fig. 7. The
L] L] L drive element tethered-piston structure was created through
(@) (b) deep-reactive ion etching of Layers 4 and 5 separately, followed

by wafer-level fusion bonding of the two wafers together to
Fig. 5. Valve orifice representation: (a) valve cap geometry and fluid floform a double-layer piston structure. During etching of the
areas and (b) representation of flow through valve as a flow contraction followgghnular tethers in each of Layers 4 and 5, control of the fillet
by & flow expansion. radii at the oxide etch-stop was critical, in order to minimize

stress concentrations [32], [33]. Fig. 8 presents scanning-elec-
damping due to the valve cap motion as it closes against the flttidn micrograph (SEM) images of a Layer 4 piston structure
orifice. with well-controlled fillet radii, prior to bonding with Layer 5.

Pressure-flow relations through the valve orifice were inFhe valve cap and membrane structure was also created using

cluded in the overall valve simulation, with the orifice structurdeep-reactive ion etching, with a similar requirement for good
being represented by a flow contraction followed by a flowlimensional control of the fillet radii.
expansion. An integral analysis gives a relationship for the The middle glass layer (Layer 3) forms the drive element
combined effect of this flow expansion and contraction. Theupport structure and the top (Layer 9) and bottom (Layer 1)
loss coefficients,,; ric. IS defined as the total pressure droglass layers provide structural support. The bottom silicon layer
AP = Pix — Poyur over the dynamic pressure based on th@ayer 2) and drive piston silicon layers (Layers 4,5) provide
orifice local mean velocityz = Q/A,), a path for electrical contact to the piezoelectric cylinders. The

top four silicon layers (Layers 4,5,7,8) and glass layer (Layer 6)

AP 1 A\ 1 Ao\ ? house the hydraulic amplification chamber, valve cap and mem-
=——=|>[{1-22 1- =2 3 idi
Sorifice = Tz 5 T A, + T A, ()  brane structure, and fluid inlet and outlet channels. In order to
2

provide a bottom structural stop for the valve cap as it moves

where the upstream flow area is defined/as the throat area @Way from the orifice, the Layer 6 glass layer was designed

is defined asly, and the downstream flow area is definedtas with a series of small through holes to connect the bottom por-
(see Fig. 5). ’ tion of the hydraulic amplification chamber above the drive el-

This approximation holds only for Reynolds numbers igment piston to the top portion of the chamberdirectly bepeath
excess of 10000 (i.e., fully turbulent flow). In high-perfor{he valve cap and membrane. Although not shown in Fig. 7,
mance micropumping systems, Reynolds numbers fluctuatiﬁgsma” fluid channel connecting the .valve HAC ch.amber to
between 10 and 20 000 are expected as the valve cap opens@h@xternal pressure regulator was micromachined in Layer 7.
closes [31]. For this reason, empirical correction factors wefdis channel enabled control of a bias presstigs within
employed to obtain better estimates for the loss coefficierdfi chamber during device testing, however, due to its flow
of the laminar and turbulent flow regimes within this rangémpedance characteristics, effectively allowed high frequency
[31]. These higher order loss effects were represented witH aac Pressure oscillations about the bias pressure during ac-
Reynolds number dependent coefficiérttRe) as a multiplier tive valve operation. All glass wafers were machined ultrason-

of Goritice, thereby altering the pressure-flow relation for thécally. All siIic_on—siIicon wafer interfaces were bond_ed with a
orifice, wafer-level high-temperatuie- 1300 °C) fusion bonding pro-

cedure, and all silicon-glass layer interfaces were bonded using
Q? a low temperaturé~ 300 °C) anodic bonding process (either
A_%> - 4 at the wafer-level or die-level depending on the process step)
with an applied voltage of 1000 V. Thin venting channels were
The structural and fluidic modeling tools presented in thistched in Layers 4 and 5 to prevent pressurization and potential
section were combined to form a system-level Simulink sinplastic deformation or fracture of the piston tethers during the
ulation that was then used to design the active valve geomehiigh temperature fusion bonding procedure. Attachment of the

1
AP = Pix — Pour = ng(Re)goriﬁcc <
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Fig. 6. Dynamic Simulink active valve system architecture, showing linear structural deformation matrix, valve cap and membrane nonlinetabiesk-up
valve cap dynamics block, and drive element piston dynamics block. The fluid flow blocks are not shown in this figure.

Upper Valve Stop the piezoelectric material surface roughngss0.5 um), was

ga"; ;?;‘;ervalve Flow Channel FII?\IW sputtered from an alloy target with 80 wt. % Au and 20 wt. %
2 | \ Glass | l: Layerg SN composition. The _three layer Ti-Pt-Au structure on each of
N — —— - the adjoining silicon pieces enabled the eutectic alloy to wet the
4'ATM : |_|—| Silicon | Layer8  sjlicon and was deposited on the die-level using e-beam evapo-
—in LT T SOl | Layer7  ration procedures.
7_J’ L — //I' |—| Glass | Layer 6 One of the critical issues during integration of the piezoelec-
SOl | Layer5  tric material elements was guaranteeing an upward deflection
p— |T\ SOl | Layer4  of the drive element piston large enough to ensure a preload on
e . Chin vert Glass | Layer3  the eutectic alloy interface during bonding, yet small enough
2 Siicon | Layer2 (O ensure that stresses in the piston tethers during bonding and
/ Glass | Layer1  Subsequent high-frequency operation were below critical levels.

Typically, for the active valve structures developed in this re-
search, limiting tether stresses near 1 GPa [33] were reached
Fig. 7. | TWC;'diTe”SigRg Ssiﬁchgr:“;“% r;’ff(tﬁ‘ f:;‘i'g'?geér:”g?nod” Oﬁgdorg'giﬁ)r piston deflections approaching 1@n. With a conservative
B}lle(:zrggfle\éiiz ﬁgt?e:’ieél cylinders areyjoin’ed toggether toy for}n the microvalvé%‘fety factor taken into account, the devices were therefore toler-
Enclosed fluid within the hydraulic amplification chamber couples the drivanced such that a “piston push-up”of2 ym could be guaran-
element piston deflection to the valve cap motion. teed. This tolerancing, shown in Fig. 9, was achieved by plasma
etching shallow seats (typically 30—4n in depth) beneath the
top and bottom piezoelectric cylinder surfaces to the adjoinifiezoelectric element location in Layer 2.
silicon was achieved with a low temperatire 300 °C) AuSn Following the assembly of the active valve device, a proce-
eutectic bond, as detailed in [11], [34]. dure was carried out to pole the piezoelectric material within
A four layer film structure on the piezoelectric material and the drive element structure. This was done by heating the device
three layer film structure on each of the adjoining silicon layete 70°C and applying an electric field across the piezoelectric
was deposited in preparation for bonding. The four layer struelement of 1000 V/mm. Once poled, the hydraulic amplifica-
ture on the piezoelectric material consisted of 50 nm Ti, 250 ntion chamber of the device was filled and sealed with degassed
Pt, 4000 nm AuSn, and 50 nm Au. The Ti served as an adtgdlicone oil, as detailed in [35]. The active valve device was,
sion layer, the Pt as a diffusion barrier, and the final Au asa this point, ready for testing. A photograph of a completed
capping layer to prevent oxidation of Sn in the AuSn alloy. Theine-layer microfabricated valve is shown in Fig. 10, as part of
AuSn layer, chosen to be thick enoughuf#) to compensate for a full chip-level MHT micropumping system.

Piezoeleétric Element Etched Seat
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(b)

Fig. 8. SEM images of a Layer 4 etched drive element piston: (a) a cross section of the SOI piston structure, (b) a close-up of the etched trenahtlaed (c) a f
close-up of the fillet radius. In this structure, a 20+2% fillet radius was achieved. Debris in background was generated during die-saw procedures.

LPiston "push-up"

completed actuator structures. The previously published work

T [11] provides a comprehensive overview of this subcomponent
study. In general, this study, through the assembly and testing of
Piezo element } a series of drive element devices, proved the ability to integrate

Shallow seat Glass . . . . .
etch depth length tickness  POth single and multiple (three) piezoelectric material elements

7 beneath double-layer micromachined tethered-piston structures,

f as shown in Fig. 11. The presence of three elements spread out
beneath the piston enabled higher stiffness actuation capabilities
Fig. 9. Tolerancing of the piezoelectric element within the drive elemefty eliminating tilting and bending behavior of the piston struc-
structure was accomplished by etching shallow seats in the top surfac it ; i iNh. ; il
Layer 2. Precise control of the etch depth was necessary to achieve a contritlh’;%e' Additionally, this Stuqy Venfled.that hlgh strain _capab_ll_lty
“push-up” of the drive element piston during bonding operations. single-crystal (PZN-PT) piezoelectric material [36], in addition
to standard polycrystalline PZT-5H material, could be success-
fully incorporated. Three-cylinder PZN-PT devices were exper-
imentally characterized up to a frequency of 200 kHz for drive

The development program for this active valve device i¥oltages between 50 V and 1000 V. Results showed that these
volved the validation of two primary subcomponent device p|a{r_1|croact.uatqr structures exhibited negligible bengjmg and tilting
forms prior to assembly and characterization of the compldfy quasistatic operation up to 15 kHz and that first modal be-
active valve device. These two subcomponent platforms welavior did not occur until frequencies in excess of 80 kHz [11].
1) the piezoelectric drive element structure, encompassing the
challenge of integrating the miniature piezoelectric element@®) Hydraulic Amplification Validation

beneath the micromachined tethered piston structure and 2) thcf.he purpose of this effort was to validate the concept of hy-

hydrauhc amplification unit, as a means to prove the C.apab'l'alraulic amplification between the piston and valve cap struc-
to fill the HAC chamber with degassed fluid and to achieve am- : I
tures. HAC devices, consisting of Layers 4 through 9, were con-

Eggcggﬁgc?igt:e piston motion into a significantly larger ValVestructed to validate fluid filling and device operation without the

effects of piezoelectric material integration beneath the piston
structure. The previously presented work [35] provides a com-
prehensive overview of this subcomponent study. The assem-

The purpose of this effort was to evaluate the fabrication atwed devices were successfully filled with degassed silicone oil
assembly process flow for integrating piezoelectric material elgrexamethyldisiloxane, produced by Dow Corning under the
ments within the micromachined drive element structure andtrade name DC200 0.65 centistoke) and device amplification ra-
obtain quasistatic and high-frequency experimental data on ties up to 46« were measured.

V. VALVE SUBCOMPONENTV ALIDATIONS

A. Drive Element Subcomponent Validation
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Fluid inlet/outlet ports Electrical connection ports

(b)

Fig. 10. Photograph of a nine-layer silicon and glass piezoelectrically driven hydraulic amplification microvalve, as part of a full MHT systemsioDgof
the valve structure within the full MHT chip are 8 ma8 mmx5 mm.
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Y e
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Si Layers + I | tpis=800um
Glass Layer Volta_ge HAG // . . Lp=1mm
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Elements  (a) Section W-W
Dimensicns: /\
Riether = 3.10 mm
F\cp Rpiston =2.85mm
O O Rep=1.75 mm /
Piezo Element
Diameter = 1 mm Rep=2.2pmm
(b)
Fig. 11. Three-dimensional schematic of a piezoelectric drive element devi
Three piezoelectric cylinders are sandwiched between a lower support silic P “
layer and an upper double silicon layer tethered-piston structure. Voltage \ -
carried along the upper and lower silicon layers. -~
“W Dyvc=500 um
b 1400 um—
vm=
VI. FINAL ACTIVE VALVE DIMENSIONS \L
Dpis=6.726 mm
The dimensions of the fabricated final active valve device a Die=7.226 mm

illustrated in Fig. 12. The device incorporated three PZN-P;I_' 1 Di )  the fabricated acii e devi "

. . . . | . imensions of the fabricated active valve devices. ree square
p|ezoelectr|c square elements (eaCh with cross-sectlonql alggﬁ-PT elements were incorporated beneath a double-layer tethered piston.
1.06 mmx1.06 mm) beneath a double-layer tethered pistotivalve cap and membrane structure interacts with the fluid orifice structure
structure. The top and bottom tethers of the piston were e chb = 516-5 l""IGa';d with the glass Layer 6 structure within the HAC

. . . chamber ak,. = —16.: m.
250um in width and each had a thickness qi®. A valve cap a
and membrane structure was positioned above the hydraulic
amplification chamber, with a structural stop (formed by the VII. EXPERIMENTAL TEST PLAN

glass Layer 6 within the HAC chamber) 16.5 um below the  Testing of the active valve device was divided into two pri-

equilibrium position of the valve cap. Glass Layer 6 containggary efforts. The first effort focused on characterizing the ac-
a series of “HAC through-holes” to carry the fluid from thewation capabilities of the valve structure without the effects of
lower to upper portion of the HAC chamber. The valve cagifferential pressure and flowing fluid above the structure. In

had a diameter of 50@m and the valve membrane had arhis effort, the dynamic behavior of the active valve device was
outer diameter of 140@n and thickness of gum. A valve evaluated and the range of driving frequency for which the valve
orifice was located- 16.5 yum above the valve cap equilibriumbehaved in a quasistatic manner was determined. Additionally,
position. The orifice had an inner diameter of 440. at the determined maximum quasistatic operational frequency,
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the structural amplification ratio of the valve device was charau
terized as a function of applied voltage to the piezoelectric dri
element. Once the device was proven to be a successful a(’:E:
ator, the second effort focused on evaluating its flow regulaticy
capabilities and limitations. In this effort, the flow regulation3
capability of the valve device at the maximum quasistatic opes

ational frequency of the structure was evaluated as a function< _ < 40X "

increasing differential pressure across the valve orifice. In th-2 102 i) BR T
manner, the valve performance limitations could be determinf®N e : R U N IS !
as the differential pressure was increased. g 103 Measured Hen : |

The aforementioned tests required the development ™ Velocity Noise

testing rigs and experimental procedures to measure accural  1g4 5 .

the drive element piston and valve cap structural vibratior 10 Fre uenéO (kHz) 10
within the multilayered device. A laser vibrometer system 100 9 Y

with a micro-lens attachment, was used for these vibratic
measurements [37]. The active valve chip-level device wk

10!
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Valve Cap, Piston Frequency Response: Pbias=500kPa, V=0V+-5V

— Valve Cap Response
- = Piston Response

" Res. Freq. ~5 kHz

Amp. ratio’|

— Valve Cap Response
= = Piston Response

mounted in a test-jig which included fluid inlet and outlet

ports to the chip, as well as through-holes for alignment of tF__
vibrometer laser beam on the key structural components witi% ’
the device. The accompanying fluids testing rig was comprise¢g -
of fluid reservoirs, absolute and differential pressure sensa
for measuring the inlet and outlet pressures into the devic >
and a calibrated real-time flow sensor for measuring flow rate - g,

through the valve. Additionally, a data-acquisition system we -250 f : 3!
implemented to enable real-time drive signals to the device a 3¢ i ;
measurements from the device and testing rig. 10° 10! 10
Frequency (kHz)
VIII. RESULTS AND DISCUSSION Fig. 13. Low-voltagg0 V £ 5 V) piston and valve cap frequency responses

. . biliti from 500 Hz to 100 kHz, with oil present above the valve structure. The top
A. Device Actuation Capabilities figure plots the valve cap and piston amplitudes, while the bottom figure plots

; _ ;  corresponding phase. The bias pressure in these tests was maintained at
. To CharaCte.nze the frequency dependent beha_wor of the bias = 200 kPa. An amplification ratio betweed0 x —50x is observed
tive valve device, a low-voltag@ V + 5 V) sweep signal from o, frequencies below 5 kHz.
500 Hz to 100 kHz was applied to the piezoelectric drive ele-
ment structure. The valve cap and piston velocities were mea-

sured using the laser vibrometer system. The corresponding disThe previous frequency sweep experimental tests found the

placements were obtained through post-process integrationla modal frequeqcy (_)f the device to bé kHz. In order to
the velocity signals. Fig. 13 overlays the frequency response pluate.the quasistatic perform_ance of the structure gnder the
the drive element piston with that of the valve cap, for the ca!@9€r drive voltage levels at which the valve was designed to
in which oil is present above the valve structure but for which riPerate, a frequency of operation of 1 kHz was chosen. Fig. 14
differential pressure or flowing fluid occurred across the valJots the valve cap and piston displacement time histories, re-
orifice. These tests were performed Wiy, = 500 kPa to spectively, at this drive frequency over arange of applied yolt-
eliminate the possibility of cavitation within the HAC chamberad€s from 50 Vpp to 800 Vpp. In Fig. 14(a), the dotted lines
Additionally, the pressures above the valve cap and membraie-16-5 um and—16.5 um indicate the position of the upper
were maintained aP;x = Poup = 500 kPa. and lower valve stops, respectively. For an applied voltage of
The piston and valve responses both followed the same pai-VPPp, the response of the valve cap was purely sinusoidal.
terns across the frequency range. The valve first modal fre-AS the voltage was increased to 800 Vpp, the resulting valve
quency was observed to occurab kHz. The additional peaks cap displacementtime history contained small amplitude higher
in the response were most likely a result of fluid-structure inteftequency £5 kHz) oscillations due to the nonlinear nature of
actions between the oil and the experimental test-jig flow tub8¥ valve membrane structure. These oscillations became more
external to the device or between the oil and the flow channdlgnounced as the voltage was increased. In Fig.14 (b), the drive
internal to the device. The increase in piston displacement agtement deflection time histories were somewhat rough in na-
plitude at frequencies below 1 kHz was due to measurement litie due to the noise level of the measurement system. As the
itations in the vibrometer system. Below 1 kHz, the measurééflections increased in amplitude, the effect of this noise floor
velocities were of the same order as the noise floor, wherediginished. It is important to note that for a voltage of 800 V,
at higher drive frequencies, the measured velocities were suffie valve was not deflected sufficiently to close against the valve
ciently above the noise floor to provide accurate measuremensfice. This was due to the fact that the actual piezoelectric ma-
The results indicate that the amplification ratio of the valve déerial coefficient was only-75% of the expected value used for
vice was steady (betweetd x —50x) over the range of fre- the original valve design (see further discussion in subsequent
guencies below resonance. paragraphs).
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(a) Valve Cap D|splacement Freq.=1kHz, Pbias=500kPa (a) Valve Cap Displacement: Freq.=1kHz, Phias=500kPa

20 45 : ; :
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Fig. 14. Experimental valve cap and piston deflection time histories for a
series of 1 kHz sinusoidal drive voltage levels. As the voltage was increased, 15 active valve quasistatic 1 kHz model correlation for increasing
small amplitude 5 kHz oscillations appeared in the deflection responses. Nﬁ

i

e f lied voltage: (a) the valve cap deflection curve was 5-10% below the
that a voltage of 800 Vpp was not sufficient to close valve cap against the val iting bounds fords; = 1300 — 1500 pC'/N, (b) the piston deflection
orifice. o

curve fell within the limiting bounds for large voltage, and (c) the device
amplification ratio (between 40 and 50<) agreed very closely with the

Fig. 15 takes these deflection time histories and plots tﬁrEd'Cted limiting bounds.

valve cap peak—peak displacement, piston peak—peak displace-
ment, and corresponding device amplification ratio as a funelectric material coefficient value of;3 = 2000 pC/N
tion of applied voltage to the piezoelectric drive element. Thesed in the original design of the active valve device. The
amplification ratio was observed to decrease from 50 to 40 sscond two model curves are based on limiting values of
the voltage was increased, as illustrated in Fig. 15(c). dsz3 = 1300 — 1500 pC/N determined by measuring a large

If the structural system was composed of elements operatimgmber of individual piezoelectric elements and observing the
only in their linear deformation regimes, this amplificatiorrange of piezoelectric coefficients. Active valve performance
ratio would remain constant over the voltage range. Due to thas therefore compared to these limiting model cases rather
nonlinear stiffness of the valve membrane, however, constdinan the ideal case since the piezoelectric elements were deter-
incremental changes in voltage result in increased incrementdhed to be inferior to original design assumptions. The model
changes in the chamber pressure and reduced incremeotatelation indicates that the experimental valve cap deflection
changes in valve cap deflection, as shown in Fig. 15(a). @&irve falls slightly short (at 800 Vpp for example, the cap
similar result for the piston deflection is shown in Fig. 15(b)eflection was 26:mP-P versus the predicted g1nP—P) of
This curve, however, exhibits slightly more linearity than théhe prediction limits fords; = 1300 — 1500 pC/N, while the
valve cap deflection curve, due to the increased incremengaiperimental piston deflection curve falls within these limits
changes in compressed fluid volume change and structuii@l large enough applied voltage. Based on these results, it can
chamber deformation as the voltage is increased. In esserme concluded that an additional compliance mechanism must
as the voltage is increased, a smaller percentage of the pistaist within the HAC chamber, most likely due to a smaller than
swept volume is transformed into valve membrane swegxpected value of fluid bulk modulus. A fluid bulk modulus
volume, thereby resulting in a decreasing amplification ratio.of K; = 2 GPa was assumed in the active valve models and

Fig. 15 also includes model predictions for this behaviosimulations [37]. The corresponding device amplification ratio,
Shown on this plot are three curves generated from the as shown in Fig. 15(c) decreased slightly frenmb0x for a low
tive valve simulation tools discussed previously. The firstoltage of 100 Vpp to~ 40x for a high voltage of 800 Vpp,
curve is the predicted response based on the assumed piepasistently within 5-10% of the limiting model predictions.
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TABLE | 0.3 Dynamic Flow Tests at 1kHz: Model Correlation
ACTIVE VALVE ACTUATION CAPABILITIES ~ Valve fully closes during jPred_ieted F‘iangd Baséd on
Performance Experimental Model 0.25; motion, Vp=500Vpp :Emplrlcal Work o_f Oth?.ﬁm-
Characteristics Results Predictions — * Zyc P-P values printed =1
st Modal Frequency 5 kHz 14 kHz € 0.2 | within data bars. i :
Piston Deflection 0.65um pp 0.72um pp £ ‘ ‘ ‘
(@1kHz, 800Vpp) @05k T
Valve Cap Deflection 26pum pp 31um pp 3 ‘ ‘ ‘ 17
(@1kHz, 800Vpp) 2 01} 17 | |um|
Amplification Ratio 40x 43x 2 I um
‘ um
um
. . . . 0 euml | L L L L i L L
Table I summarizes the cnpcal actuation capeplllt|es of tlf 0 50 100 150 200 250 300 350 400 450 500
active valve device in comparison to model predictions. As di P - Pour Differential Pressure (kPa)

cussed previously, the valve 1st modal frequency occurred at
~5 kHz. Finite-element models of this valve structure had préig. 16. lDynamiC flow reglulatiorl modzl correlation afltdlﬁkHZ folr varying

: ifferential pressures. Correlation is good over range of differential pressures.
d!Cted a 1st modal frequency of ,14 kHz, however, these moc‘%‘%ﬁr bars on the data indicate the measurement error, which was estimated
did notinclude the presence of oil above the valve cap and megased on the flow sensor calibration error and the accuracy of the applied
brane structure. It was this added mass of the oil that reduceddlfferential pressure.

1st modal frequency of the valve structure. Future modeling of

the valve S_hO_UId more carefu!ly include this ?dd?d mass _eff%'rth the model predictions. Since the flow loss coefficients used
when predicting mo_dal behavior. As for quasstapc operation @i the models discussed previously were based on a com-
1 kHz, as already discussed, the measured device valve capfirion of empirical Re data from other researchers, the line of
flection fell slightly short of predictions. However, the amplifi-yredicted behavior in Fig. 16 is understood to be of only “lim-
cation ratlo_ was in excellent agreement with model predictiong.q accuracy,” in other words, it is not based on exact theory.
Overall, this encouraging device performance enabled furthersypsequent test runs at differential pressures in excess of
investigations into the valve’s flow regulation capabilities. Pix — Pour = 340 kPa resulted in unstable oscillatory motion
) ) o of the valve cap structure, and eventually fracture of the valve

B. Device Flow Regulation Capabilities membrane. The nature of the flow behavior (based on Reynolds

To evaluate the capability of the active valve device to regumber) was investigated for a variety of valve opening situ-
ulate flow at 1 kHz, a series of tests was carried out for imtions in subsequent studies. The results indicated that these
creasing imposed differential pressure across the valve orifiself-excited valve cap oscillations were most probably a result
Flow regulation tests were performed for differential pressure$ transitional flow (between laminar and turbulence) through
Pin — Pour = 24 kPa, 95 kPa, 145 kPa, 200 kPa, 260 kPdhe valve orifice structure, a regime which limited the valve op-
and 340 kPa. A volatile silicone oil (hexamethyldisiloxane, preeration to relatively low differential pressures of no more than
duced by Dow Corning under the trade name DC200 0.65 c&3#0 kPa. A comprehensive overview of these unstable oscilla-
tistoke) was used as the flow regulation fluid. By controllingory valve cap experiments is detailed in [37]. Future research
Py ac with respect to the magnitude Bfx andPoyr (using the work should focus on a better understanding of the flow regimes
high-frequency channel and corresponding bias pressure regueugh these microscale orifice structures, especially as a func-
lator set-up discussed previously), the valve cap was displadinh of different viscosity fluids, and on a redesign effort to de-
statically upward to a deflection d¢f,. = 11 um. A sinusoidal velop a valve geometry which is less sensitive to the flow be-
voltage of 500 Vpp was then applied to the piezoelectric drivevior passing through the orifice. Additionally, this redesign
element at 1 kHz to actuate the valve cap upward against gteuld include an effort to increase the 1st modal frequency of
valve orifice and downward toward the original equilibrium pothe device, to potentially enable operation at or above a fre-
sition of the valve cap. In all test runs, it was desired to jusuency of 10 kHz. With these redesign efforts, a higher fre-
barely close the valve cap against the orifice at its maximuguency, higher flow rate microvalve could be achieved.
displacement, and to maintaii,. = 0 at its minimum dis-
placement. In others words, it was desired to always ensure a IX. CONCLUSION
valve opening stroke of 16.&m. ) . ) ) o

Fig. 16 plots the experimentally measured flow rates for each® compact piezoelectrically-driven hydraulic amplification
of the differential pressure test cases. An applied voltage Bfcrovalve was successfully fabricated and tested for the first
500 Vpp was held constant for all of the test cases, and th@e. This concept of hydraulically amplifying the limited
Corresponding measured stroke of the valve cap during actﬁH.Oke of a miniature bulk piEZOE|eCtriC material into a Slgnlfl-
tion is printed inside of each data bar. Fig. 16 also plots the es@ntly larger motion of a valve cap structure enables the valve
perimental results versus the model expectations obtained ug@gimultaneously meet a set of high frequengy 1 kHz),
the active valve simulation tools detailed previously. Model préigh pressure X 300 kPa), and large stroke (20-30n)
dictions for chosen limiting valve strokes &f,. pp = 13 pm  requirements not previously satisfied by other hydraulic flow
andZ,. pp = 17 pm are shown. The model correlation indiregulation microvalves. The active valve structural behavior
cates that the active valve regulates flow in excellent correlatiand flow regulation capabilities were evaluated over a range
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of applied piezoelectric voltages, actuation frequencies, ango]
differential pressures across the valve. For applied piezo-
electric voltages up to 500 Vpp at 1 kHz, the valve devices
demonstrated amplification ratios of drive element deflection
to valve cap deflection ofil0 x —50x. These amplification 1]
ratios correlated within 5-10% of the model expectations. F|OV\B
regulation experiments proved that a maximum average flow
rate through the device of 0.21 mL/s for a 1 kHz sinusoidal
drive voltage of 500 Vpp, with valve opening of Li7n, against  [12]
a differential pressure of 260 kPa could be obtained. Tests
revealed that fluid-structural interactions between the valve
cap and membrane components and flow instabilities (due
to transition between the laminar and turbulent flow regimeg!3l
through the valve orifice) limited the valve performance
capabilities. This work has proven this valve technology as a
viable component within compact high performance hydraulic[14]
micropumping systems.

ACKNOWLEDGMENT [15]
The authors are grateful to the following individuals who

have supported this research work: K. Turner, for issues regi6]
lated to fillet radius control and eutectic bonding; J. Carretero
and Dr. K. Breuer, for fluid flow modeling at the microscale; 17
Dr. R. Mlcak, for fluid filling and sealing procedural develop-
ment; Dr. Y.-H. Su, for nonlinear structural modeling contri-
butions; and Dr. K.-S. Chen and Dr. L. Saggere, for additiona
structural modeling work. Additionally, the authors wish to ac-[19]
knowledge Dr. S.-H. Liou at the University of Nebraska for his
generous support in the deposition of AuSn eutectic alloys angho]
associated films on the piezoelectric materials used in this work.

E18]

REFERENCES [21]
[1] H. Van Lintel, F. van de Pol, and A. Bouwstra, “Piezoelectric mi-
cropump based on micromachining of silicorgéns. Actuatorsvol.

15, pp. 153-167, 1988.

[22]

[2] M. Stehr, S. Messner, H. Sandmaier, and R. Zengerle, “The VAMP—a
new device for handling liquids or gase§&ns. Actuators, Phys, yol. [23]
57, pp. 153-157, 1996.

[3] V. Gass, B. van der Schoot, S. Jeanneret, and N. de Rooij, “Integrated
flow-regulated silicon micropump,Sensors and Actuators, &ol. 43, [24]
pp. 335-338, 1994.

[4] S. Shojiand M. Esashi, “Microflow devices and systendsMicromech.
Microeng, vol. 4, pp. 157-171, 1994. [25]

[5] K.lkuta, T. Hasewaga, and T. Adachi, “The optimized SMA micro pump
chip applicable to liquids and gases,”Pnoceedings of the 2001 Inter- [26]
national Conference on Solid-State Sensors and Actuators (Transducers
'01), 2001.

[6] M. Koch, N. Harris, R. Maas, A. Evans, N. White, and A.
Brunnschweiler, “Novel micropump design with thick-film piezoelec- [27]
tric actuation,”Measure. Sci. Technolvol. 8, no. 1, pp. 49-57, Jan.
1997.

[7] P. Watler and M. Sefton, “A piezoelectric driven controlled release mi- [28]
cropump for insulin delivery,Trans. Amer. Soc. Artif. Intern. Organs
vol. XXXVI, pp. 70-77, 1990.

[8] B.Wagner, H. Quenzer, S. Hoerschelmann, T. Lisec, and M. Juerss, “Mi{29]

cromachined bistable valves for implantable drug delivery systems,” in
Proc. 18th Annu. Int. Conf. IEEE Engineering in Medicine and Biology [30]
Society 1997, pp. 254-255.

N. W. Hagood, D. C. Roberts, L. Saggere, K. S. Breuer, K.-S. Chen,

J. A. Carretero, H. Q. Li, R. Micak, S. Pulitzer, M. A. Schmidt, S. M.
Spearing, and Y.-H. Su, “Micro hydraulic transducer technology for ac-[31]
tuation and power generation,”#roc. SPIE 7th Annu. Int. Symp. Smart
Structures and MateriaJsvol. 3985, Newport Beach, CA, Mar. 5-9,
2000, pp. 680-688.

[9]

91

H. Q. Li, D. C. Roberts, J. L. Steyn, K. T. Turner, J. A. Carretero, O.
Yaglioglu, Y.-H. Su, L. Saggere, N. W. Hagood, S. M. Spearing, M. A.
Schmidt, R. Micak, and K. S. Breuer, “A high frequency high flow rate
piezoelectrically driven MEMS micropump,” iAroc. IEEE Solid-State
Sensor and Actuator Workshogilton Head, SC, June 4-8, 2000, pp.
69-72.

D. C. Roberts, J. L. Steyn, H. Q. Li, K. T. Turner, R. Micak, L. Saggere,
S. M. Spearing, M. A. Schmidt, and N. W. Hagood, “A high-frequency,
high-stiffness piezoelectric micro-actuator for hydraulic applications,”
in Proc. 11th Int. Conf. Solid-State Sensors and Actuators (Transducers
'01), Munich, Germany, June 10-14, 2001, pp. 686-689.

D. C. Roberts, N. W. Hagood, Y.-H. Su, H. Q. Li, and J. A. Car-
retero, “Design of a piezoelectrically-driven hydraulic amplification
microvalve for high pressure, high frequency applications,Pioc.
SPIE 7th Annu. Int. Symp. Smart Structures and Materials 3985,
Newport Beach, CA, Mar. 5-9, 2000, pp. 616—628.

D. C. Roberts, O. Yaglioglu, J. Carretero, Y.-H. Su, L. Saggere, and N.
W. Hagood, “Modeling, design, and simulation of a piezoelectric mi-
crovalve for high pressure, high frequency applicationsPiioc. SPIE

8th Annu. Int. Symp. Smart Structures and Materiats. 4327, New-
port Beach, CA, Mar. 4-8, 2001, pp. 366—380.

K. Henning, “Liquid and gas-liquid phase behavior in thermopneumati-
cally actuated microvalvesProc. SPIE—The Int. Soc. Optic. Engol.
3515, pp. 53-63, 1998.

C. Rich and K. Wise, “A thermopneumatically-actuated microvalve with
improved thermal efficiency and integrated state sensin@tac. IEEE
Solid-State Sensor and Actuator Workshidpton Head, SC, 2000, pp.
234-237.

H. Jerman, “Electrically-activated, micromachined diaphragm valves,”
in Proc. 1991 Int. Conf. Solid-State Sensors and Actuators (Transducers
'91), 1991, pp. 1045-1048.

M. A. Huff and W. L. Benard, “Thin film titanium-nickel shape memory
alloy microfluidic devices,” inProc. Third Int. Symp. Microstructures
and Microfabricated System997, pp. 26—38.

M. A. Huff, “Silicon Micromachined Wafer-Bonded Valves,” Ph.D. dis-
sertation, Massachusetts Institute of Technology, Cambridge, 1993.
M. Shikida, K. Sato, S. Tanaka, Y. Kawamura, and Y. Fujisaki, “Electro-
statically driven gas valve with high conductancg,Microelectromech.
Syst, vol. 3, no. 2, pp. 76-80, June 1994.

F. Pourahmadi, L. Christel, K. Petersen, J. Mallon, and J. Bryzek, “Vari-
able-flow micro-valve structure fabricated with silicon fusion bonding,”
in Proc. IEEE Solid-State Sensor and Actuator Workslhtifton Head,

SC, 1990, pp. 78-81.

A. Meckes, J. Behrens, and W. Benecke, “Electromagnetically driven
microvalve fabricated in silicon,” iProc. 1997 Int. Conf. on Solid-State
Sensors and Actuators (Transducers 9997, pp. 821-824.

J. G. Smits, “Piezoelectric micropump with microvalves,” Rtoc
Eighth Bienn Univ Gov Ind Microelectron Symp. (IEEE n 89CH2769-8)
Piscataway, NJ, pp. 92-94.

S. Kluge, G. Neumayer, U. Schaber, and M. Wackerle, “Pneumatic sil-
icon microvalves with piezoelectric actuation,”®moc. 2001 Int. Conf.

on Solid-State Sensors and Actuators (Transducers Z00)1.

M. Esashi, S. Shoji, and A. Nakano, “Normally closed microvalve and
micropump fabricated on a silicon wafe§ens. Actuators/ol. 20, pp.
163-169, 1989.

M. Esashi, “Integrated micro flow control system&eéns. Actuators
vol. A21-A23, pp. 161-167, 1990.

S. Shoji, B. Van der Schoot, N. de Rooij, and M. Esashi, “Smallest
dead volume microvalves for integrated chemical analyzing systems,”
in Proc. 1991 Int. Conf. Solid-State Sensors and Actuators (Transducers
'91), 1991, pp. 1052-1055.

J. Garcia-Bonito, M. J. Brennan, S. J. Elliot, A. David, and R. J. Pin-
nington, “A novel high-displacement piezoelectric actuator for active
vibration control,”Smart Mater. Structvol. 7, pp. 31-42, 1998.

P. Tang, A. Palazzolo, A. Kascak, G. Montague, and W. Li, “Combined
piezoelectric-hydraulic actuator based active vibration control for rotor-
dynamic system,J. Vibration Acoust.vol. 117, pp. 285-293, 1995.

W. Tsukamoto, “Piezo-actuator’s displacement magnifying mecha-
nism,” U.S. Pat. 5233834, 1993.

Y. H. Su, K. S. Chen, D. C. Roberts, and S. M. Spearing, “Large de-
flection analysis of a pre-stressed annular plate with a rigid boss under
axisymmetric loading,J. Micromech. Microengvol. 11, pp. 645-653,
2001.

J. A. Carretero and K. S. Breuer, “Measurement and modeling of the
flow characteristics of micro disk valves,” iroc. 1994 Int. Mechan-
ical Engineering Congress and Exposition: Microfluidics Symposium
Orlando, FL, Nov. 2000.

Authorized licensed use limited to: UNIVERSITY OF SOUTHAMPTON. Downloaded on July 1, 2009 at 12:20 from IEEE Xplore. Restrictions apply.



92

(32]

(33]

(34]

(35]

(36]

(37]

(38]

JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 12, NO. 1, FEBRUARY 2003

K. S. Chen, A. A. Ayon, and S. M. Spearing, “Controlling and testing
the fracture strength of silicon on the MesoscaleAmer. Ceramic Soc.
vol. 83, no. 6, pp. 1476-1484, 2000.

K. T. Turner, “An evaluation of critical issues for microhydraulic trans-
ducers: silicon wafer bonding, strength of silicon on insulator men
branes and gold-tin solder bonding,” S. M. thesis, Massachusetts In:
tute of Technology, Cambridge, June 2001.

K. T. Turner, R. Micak, D. C. Roberts, and S. M. Spearing, “Bonding o
bulk piezoelectric material to silicon using a gold-tin eutectic bond,” it
2001 MRS Fall MeetingBoston, MA.

J. L. Steyn, H. Q. Li, D. C. Roberts, R. Micak, K. T. Turner, O. Yagli-

Onnik Yaglioglu received the S.B. degree in
mechanical engineering from Bogazici University,
Istanbul, in 1999 and the S.M. degree in mechanical
engineering from the Massachusetts Institute
of Technology (MIT), Cambridge, in 2002. His
Master's research in the Active Materials and
Structures Laboratory at MIT was focused on the
modeling, simulation and design of piezoelectric
microhydraulic transducer devices. He is currently
working towards the Ph.D. degree in the Mechanical
Engineering Department at MIT.

oglu, Y.-H. Su, M. A. Schmidt, S. M. Spearing, and N. W. Hagood, “Hy- His research areas of interest include power MEMS, RF MEMS, power gen-
draulic amplification devices for microscale actuation,”Solid-State eration from ambient vibration, and microfluidics.

Sensor, Actuator and Microsystems Worksheitton Head Island, SC,
June 2-6, 2002.

S. E. Park and T. R. Shrout, “Characteristics of relaxor-based piezoelec-
tric single crystals for ultrasonic transducerd£EE Trans. Ultrason.,
Ferroelect., Freq. Contrvol. 44, pp. 1140-1147, Sept. 1997.

D. C. Roberts, “Design, modeling, fabrication, and testing of a piezd
electric microvalve for high pressure, high frequency hydraulic applic#
tions,” Ph.D. dissertation, Massachusetts Institute of Technology, Caj&
bridge, Feb. 2002. :
O. Yagliogly, Y. H. Su, D. C. Roberts, J. Carretero, and N. W. Hagoo¢
“Modeling, simulation and design of piezoelectric micro-hydrauli
transducer devices,” iRroc. Fifth Int. Conf. on Modeling and Simula- |
tion of MicrosystemsSan Juan, Puerto Rico, Apr. 21-25, 2002. =, ﬂ

)
N

S. Mark Spearing received the Ph.D. degree from
the Engineering Department at Cambridge Univer-
sity, U.K., in 1990.

From 1990 to 1992, he worked as a research
engineer at University of California, Santa Barbara,
where he produced analytical models for the failure
of high-temperature ceramic materials and for
Carborundum Microelectronics, where he was a
member of the electronic packaging technology
development team from 1992 to 1994. He is an
Associate Professor of Aeronautics and Astronautics

at the Massachusetts Institute of Technology (MIT), Cambridge, where he has
been since 1994. His technical interests include materials and structural analysis
. . and design of MEMS, development of wafer bonding technologies, electronic
David C. Roberts received the S.B., S.M., and packaging and advanced composites. Since 1995, he has been responsible for
Ph.D. degrees in mechanical engineering fromnaierials, structural design, and packaging tasks of the MIT MicroEngine,
the Massachusetts Institute of Technology (MIT).microRocket, Micro-chemical power, and MicroHydraulic transducer projects
Cambridge, in 1995, 1998, and 2002, respectivelyag well as conducting cross-cutting underpinning technology development.

Structures Laboratory at MIT was focused on the
development of high-performance piezoelectrically
driven microvalve and microactuator devices for
hydraulic applications.

His research areas of interest include mechanic
design and structural dynamics, as they relate to t
development of microfabricated actuators and systems. He is employed
mechanical engineer at Continuum Photonics, Inc., in Billerica, MA.

Hanqging Li received the B.S. degree in physics
from Peking University, Beijing, China, in 1982 and
the M.S. degree in material science at the General

His doctoral research in the Active Materials and py gpearing is a Member of the ASME.

Martin A. Schmidt (S’88—M’'88-SM’00) received
the B.S.E.E. degree in electrical and computer engi-
neering from Rensselaer Polytechnic Institute, Troy,
NY, in 1981. He received the S.M. and Ph.D. degrees
in electrical engineering and computer science from
Massachusetts Institute of Technology (MIT), Cam-
bridge, in 1983 and 1988, respectively.

In addition to his professorship in the Department
of Electrical Engineering, he is the Director of the
Microsystems Technology Laboratories at MIT. He
investigates microfabrication technologies for inte-

Research Institute for Non-ferrous Metals, Beijing,grated circuits, sensors, and actuators; design of micromechanical sensor and
China, in 1985. He received the Ph.D. degree fronqictuator systems; mechanical properties of microelectronic materials, with em-
the University of Nebraska-Lincoln, in 1998. phasis on silicon wafer bonding technology; integrated microsensors; and mi-
He was a Guest Scientist at NIST-Boulder, cocrofluidic devices. His current research projects involve novel applications of
from 1995 to 1998, a Postdoc at MIT betweenMEMS technologies to a variety of fields, including miniature gas turbines,
1998-1999, and is currently a Research Scientigfiniature chemical reactors, microswitches, biological applications and sensors

Cambridge. His primary research interests are in
MEMS fabrication and testing and superconducting devices.

Lodewyk Steyn received the B.Eng. degree in
mechanical engineering from the Departmen
of Mechanical and Aeronautical Engineering,
University of Pretoria, in 1998. He is currently
pursuing a Doctoral degree in the Department o
Aeronautics and Astronautics at the Massachuset
Institute of Technology (MIT), Cambridge. His
research interests include the fabrication, packaging,

generation applications.

at Massachusetts Institute of Technology (MlT)’monoIithicaIIy integrated with electronics.

Nesbitt W. Hagood received the S.B., S.M., and
Ph.D. degrees from the Department of Aeronautics
and Astronautics from Massachusetts Institute of
Technology (MIT), Cambridge, in 1985, 1988, and
1991, recpectively.

He is co-founder and currently Chief Technology
Officer of Continuum Photonics, Inc. He was for-
merly a tenured Associate Professor of Aeronautics
and Astronautics at MIT and Director of the Active
Materials and Structures Laboratory. He specializes
in the analysis, design and development of solid

instrumentation, and testing of piezoelectricallystate actuation devices, microfabricated systems, and applications.
driven microfluidic devices for actuation and power Dr. Hagood is an ONR Young Investigator and has received the Presidential
Early Career Award in Science and Technology.

Authorized licensed use limited to: UNIVERSITY OF SOUTHAMPTON. Downloaded on July 1, 2009 at 12:20 from IEEE Xplore. Restrictions apply.



