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ABSTRACT

This paper describes a proportional valve that regulates viscous liquid media, intended for use
with elastic reservoir/pumps in a portable drug delivery system. The valve is fabricated in a partially
open state to permit flow even in the absence of applied power. At room temperature, piezoelectric
actuation from -30 V to 60 V causes modulation of oil (viscosity 4.5 cP) flow rates in the range of 250-
460 pl/min, while consuming as little as 0.136 uW of power. The valve is micromachined from bulk
silicon and Pyrex glass. The entire packaged structure, including the actuator and housing, is 0.8 cm”.
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1. INTRODUCTION

Elastic reservoir pumps are attractive for delivering liquids in portable applications since they do
not consume any electrical power. However, the output varies with the fill level and delivery pressure
[1]. These output variations can be corrected by using a proportional microvalve to regulate the pump.
For applications that demand prolonged deployment and extended battery life, valves that consume little
power are necessary. Using a normally open valve reduces energy consumption because it allows a
nominal liquid flow rate without having to apply any power. This type of valve also provides greater
control by allowing the flow rate to be either increased or decreased from its default liquid delivery rate.
A number of micromachined valves have been reported in the past [5-14], but they have not addressed the
needs of this particular application. Electrostatic valves typically require voltages >100 V, and are
limited in operating pressure and range of flow modulation. Thermal and magnetic valves consume
significant power. A piezoelectric valve used for this system greatly reduces energy consumption while
overcoming the drawbacks of other actuation schemes. With proper control electronics and a coin cell
battery, the entire portable system could interface with an individual through a catheter (Fig. 1).

Typical chemicals that might be delivered
with a micropump include insulin, hormonal and pain
Elg&r:(t)rr?ilcs ' management drugs, and any other liquid phase drugs

that are preferably delivered in a gradual manner.
} (Tablel). These chemicals have a range of viscosities

Coin Cell Pressure
Sensor

that must be taken into account in any portable
delivery system design.

{l Table 1: Typical drug delivery flow rates.
Pressurized .
Reservoir Power %:tt%lgté? Drug Name Delivery Rate
Electronics Micro-Valve Morphine 20-167 pl/min [2]
- - Pethidine 10-250 pl/min [2]
F}g. 1: Propqsed system schematic. Expan(ied Epidural 0-200 wl/min [3]
view of a side patch connected micro-valve Insulin 2-350 ul/min [4]

controlled portable drug delivery system.
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This paper presents preliminary investigations into using a normally open piezoelectric
microvalve and an external passive reservoir [15] to demonstrate low power liquid flow modulation
within the same ranges currently used to continuously deliver pain relief drugs such as morphine.

2. VALVE DESIGN AND FABRICATION

The valve is constructed from bulk silicon and glass, with a piezoelectric (PZT) stack actuator
and a glass-mica (Macor™) ceramic cap. The PZT provides power-efficiency, high force, and
proportional actuation. A buried oxide layer in an SOI wafer acts as an etch stop for deep reactive ion
etching of silicon, so the valve flexures have uniform thickness. A recess is wet etched into a glass wafer
to accommodate the PZT displacement. The inlet and outlet holes are formed using electrochemical
discharge machining. The SOI and glass wafers are anodically bonded, diced, and prepared for assembly
with the ceramic cap and PZT stack. To create a normally-open valve, the PZT stack is energized during
the assembly process, so that it shortens after assembly. Finally, the finished valve is attached to a Macor
header to interface with the passive reservoir/pump and standard tubing.
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Fig. 2: (a) The valve cross-section showing the assembled Fig. 3: Flow rate through un-actuated
ceramic-PZT-Si-glass structure and associated liquid reservoir.  valve (0 V) across various pressures. At
(b) A photograph of the completed assembled valve structure lower pressures the flow rate changes
placed on a United States penny. linearly with pressure.

3. VOLTAGE AND FREQUENCY FLOW RATE REGULATION

Preliminary tests were performed at room temperature using oil (viscosity 4.5 cP) to provide
solution viscosity greater then saline water. For every test, a liquid reservoir was pressurized with
regulated nitrogen gas to control and simulate varying pressures that might be generated from a passive
source. The valve outlet was exposed to atmospheric pressure to create a pressure difference across the
valve. Flow rates were determined by calculating the mass change in an outlet reservoir over a two
minute time period.

In the first test (Fig. 3), the liquid flow rate was monitored as input pressure was varied. The
flow rate varied linearly with the differential pressure over a range of 250-460 pl/min.; the corresponding
differential pressure drop was 16-47 kPa. In the next experiment (Fig. 4), the valve was actuated by
increasing and decreasing the voltage with different inlet pressures. Flow rates were tested over a range
of input pressures (108-142 kPa), and could be altered from the un-powered, partially open flow rate by
as much as 50 pl/min.

A frequency test was conducted in which the microvalve was actuated with a 50 Hz, 0-60 V
square wave with varying duty cycle (Fig. 5). This provided more uniform linear control across inlet
pressure than DC control. These results suggest that either voltage or frequency can be used to regulate
the flow rate. DC operation consumed 0.136 uW and AC operation used 45 mW. As expected, DC
regulation consumes less power. AC modulation is less efficient because of capacitive losses in the
piezoelectric actuator.
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Fig. 4: Flow rate versus voltage actuation from -30 V. Fig. 5: Flow rate changes versus duty cycle for two
to 60 V. Results are recorded for two inlet pressures, inlet pressures. The actuation voltage was a 50 Hz
while the outlet is held constant at 101 kPa. Actuation square wave from 0-60 V. This method does not rely
is more pronounced with greater inlet pressure. on the linearity of piezoelectric actuation.

4. CONCLUSIONS

The experiments described in this effort demonstrate that a piezoelectric microvalve actuated
with varying DC voltages can adequately regulate liquid flow from a passive pump/reservoir.
Furthermore, a power efficient, portable, high flow rate drug delivery system is realizable with these
components.

ACKNOWLEDGEMENTS
These devices were fabricated at the Michigan Nanofabrication Facility. This work was
supported primarily by NASA under award NNAOSCP85G.

REFERENCES

[1] B. Ziaie, et al., “Hard and Soft Micromachining for BioMEMS: Review of techniques and examples of
applications in microfluidics and drug delivery,” Advanced Drug Delivery Reviews, 56(2),2.2004, pp. 145-72

[2] E. Charlton, “The Management of Postoperative Pain,” Update in Anesthesia, Issue 7, Article 2, 1997, pp. 1-7

[3] L. Visser, “Epidural Anaesthesia,” Update in Anesthesia, Issue 13, Article 11,2001, pp. 1-4

[4] “The Medtronic MiniMed 2007 Implantable Insulin Pump System,”
http://www.minimed.com/professionals/products/implantable pump/eu.html

[5] J.K. Robertson, K.D. Wise., “A Low Pressure Micromachined Flow Modulator,” Sensors and Actuators A, 71(1-
2), 1998, pp. 98-106

[6] N. Vandelli, D. Wroblewski, M. Velonis, T. Bifano, “Development of a MEMS Microvalve Array for Fluid Flow
Control,” J. Microelectromechanical Systems, 7(4), 12/1998, pp. 395-403.

[7] C.A. Rich, K. D. Wise, “A High-Flow Thermopneumatic Microvalve with Improved Efficiency and Integrated
State Sensing,” J. Microelectromechanical Systems, 12(2), 4/2003, pp. 201-8

[8] M.J. Zdeblick, “A Microminiature Electric-to-Fluidic Valve,” 1987 International Conference on Solid-State
Sensors and Actuators, pp. 827-9

[9] T. Ikehara, H. Yamagishi, K. Ikeda, “Electromagnetically Driven Silicon Microvalve for Large-Flow Pneumatic
Controls,” Proceedings of the SPIE - The International Society for Optical Engineering, v. 3242, 1997, pp. 136-44
[10] M.A. Huff, J.R. Gillbert, M.A. Schmidt, “Flow Characteristics of a Pressure-Balanced Microvalve,” 1993
International Conference on Solid-State Sensors and Actuators, pp. 98-101

[11] S. Shoji, B. VanderSchoot, N. deRooij, M. Esashi, “Smallest Dead Volume Microvalves for Integrated Chemical
Analyzing Systems,” 1991 International Conference on Solid-State Sensors and Actuators, pp. 1052-5

[12] R. Duggirala, A. Lal, “A Hybrid PZT-Silicon Microvalve,” J. Microelectromechanical Systems, 14(3), 2005, pp.
488-97

[13] P.W. Barth, et al., “A Robust Normally-closed Silicon Microvalve,” 1994 Solid-State Sensor and Actuator
Workshop, Hilton Head Island, pp. 248-250

[14] L. Choonsup, Y. Eui-Hyeok, S. M. Saeidi, J.M. Khodadadi, “Fabrication, characterization, and computational
modeling of a piezoelectrically actuated microvalve for liquid flow control,” J. Microelectromechanical Systems,
15(3), 2006, pp. 689-96

[15] J.M. Park, et al, “A Piezoelectrically Actuated Ceramic-Si-Glass Microvalve for Distributed Cooling Systems,”
2006 Solid-State Sensor and Actuator Workshop, Hilton Head Island, pp. 248-251




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


