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ABSTRACT

The first thermal flow sensor to operate on the
principle of measuring thermal changes in ionic mobility
vis-a-vis electrochemical impedance resulting from flow
was developed and demonstrated. Its biocompatible
construction on a flexible polymer substrate enables
unobtrusive integration with medical implants such as
shunts and catheters. Flow is transduced by utilizing
electrochemical impedance measurements between an
electrode pair to detect temperature changes resulting from
transport of liquid focally heated upstream. This approach
offers increased sensitivity compared to solid sensing
materials and compatibility in saline environments. Flow
rates below 320 uL/min could be detected with a limit of
detection of 10.7 pL/min. The simple design and
performance range is suitable for in vivo applications.

INTRODUCTION

Thermal flow sensing is the most common method
used in MEMS flow sensors, and involves measuring
variations in heat transfer induced at different flow rates.
Various thermal flow sensors have been developed in
laboratory settings or implemented in commercial devices;
these can be simply classified into three categories based
on sensing modality. Hot-wire or hot-film sensors measure
heat transfer from a heater to a fluid by indirectly
monitoring the heater’s temperature, calorimetric sensors
measure the difference in temperature between an upstream
and downstream sensing element which is imposed by a
central heater, and time-of-flight sensors measure the
transit time of a pulse of heat to a sensor located at a known
distance downstream of a heater [1]. Each of these methods
share the requirement of accurate measurement of the
fluid’s temperature.

The common strategy to measure temperature, both in
MEMS devices and in large-scale electronic thermometers,
is to fabricate sensors from materials whose electrical
resistance varies in a predictable manner with temperature.
All conductive materials exhibit such a temperature
coefficient of resistance (TCR), and certain materials such
as platinum have emerged as a popular choice due to their
relatively large and predictable TCR over a large
temperature range. Likewise, materials with a large TCR
are necessary for thermal flow sensing, and the higher the
TCR, the greater the sensitivity. Although TCRs up to 2%
have been reported in the laboratory through the use of
doped semiconductor junctions, most conductive materials
exhibit a TCR of less than 0.5%/°C (Table 1). Despite
platinum’s wide use in commercial temperature sensors, its
TCR is at best 0.392%/°C in bulk and between 0.15-
0.25%/°C as a thin film [2].

Thermal flow sensors must be encapsulated to protect
against corrosion during prolonged use in physiological
conditions. The addition of a protective encapsulation layer
limits sensor performance due to its thermally insulative
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properties, which result in increased power consumption
and impose a detection delay associated with the transport
of heat through the encapsulation to the sensor. MEMS
thermal flow sensors are commonly fabricated on silicon,
which is a good thermal conductor and provides alternative
competing path for heat transfer from the heater to sensors.
To overcome these limitations, free-standing sensors can
be fabricated on thin film Parylene C substrates, which can
act as both a biocompatible encapsulation layer and an
electrically insulating substrate [3].

In order to overcome the inherent limitations of
thermal flow sensors, other flow transduction methods
have been developed. These include the electrochemical
detection of the time-of-flight of a dissolved oxygen tracer
[4], the change in ionic movement between electrodes
parallel to flow [5], or detection of the time-of-flight of a
microscopic bubble produced via electrolysis [6].
However, these approaches suffer from low sensitivity or
surface tension issues which limit their performance and
development.

Material TCR (%/°C)
Platinum 0.392
Copper 0.430
Gold 0.390
Polysilicon -2.5100.1
Germanium 2.0
5% NaOH Solution -2.01
30% NaOH Soluion -4.50
20% KCI Solution -1.68
Human Cerebrospinal
Fluid -1.98

Table 1: Temperature coefficients of resistance (TCRs) for
various solids and aqueous solutions. [1, 7-9]

CONCEPTS AND PRINCIPLES
Electrochemical Impedance

We introduce an alternate thermal flow sensing
material and approach in which temperature-induced
changes to the electrochemical impedance of a flowing
electrolyte solution, instead of the electrical resistance of a
solid sensor, are used to detect temperature changes and
thereby deduce flow information. When an ionic solution
is heated, the mobility of ions in solution increases, which
results in a decrease in the solution’s resistivity. The
resulting change in resistivity per degree Celsius has been
measured for several aqueous ionic solutions, including
human cerebrospinal fluid, and the response is an order of
magnitude higher than that of common temperature-
sensitive solids [7-9].

The conductivity of an ionic solution can be measured
via the solution impedance between a pair of electrodes. At
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the appropriate measurement frequency, the impedance is
dominated by the solution resistance, allowing direct
measurement while bypassing changes associated with the
electrode-electrolyte interface (e.g. capacitive
components). While some impedance drift can occur over
minutes or hours, it was observed that when the
temperature of the fluid around the electrodes was altered,
the resulting change in impedance, when taken as a
percentage of the baseline impedance measured
immediately before the temperature change, is consistent.

Flow Sensing Method

To measure flow rate, we utilized the time-of-flight
principle which requires an upstream heater and
downstream temperature sensor. Heat transfer between the
heater and the temperature sensor is impacted by
conduction and convection processes. Since the supporting
substrate is Parylene, it is assumed that thermal conduction
through the substrate is negligible. At low flow rates and
heater temperatures, conduction via diffusion of the heat
pulse in the fluid will dominate. Convection will alter the
heating profile close to the heater.

The heater and temperature sensor are separated by 1
mm and exposed to flow. When the heater is activated, the
temperature at the sensor rises to a constant level at a rate
which varies predictably with the flow velocity; the
maximum rate of change of temperature at the sensor is
consistent for a given flow velocity and increases
exponentially as the flow increases.

This technique is useful at low flow velocities at which
thermal time-of-flight sensing using a solid detector would
require prohibitively close placement to the heater, for
limiting the fluid heating or the power used by the heater,
or for situations in which using only one temperature
sensor is desirable. Furthermore, bi-directional flow
measurements are possible using only a single detector, but
with a limited detection range in the backwards direction.

FABRICATION AND TESTING
Fabrication

Our sensor consists of a platinum resistive heater with
an electrochemical impedance sensor placed 1 mm
downstream (Fig. 1). The sensor is built on free-standing
Parylene C, which is used as both a mechanical substrate
and an encapsulation layer. Parylene C is a biocompatible
polymer with a long track record of use as an encapsulant
and substrate for implantable MEMS devices. The resistive
heater is composed of a 25 um wide serpentine platinum
trace (resistance ~ 1400 Q) and the impedance sensor is a
pair of platinum electrodes measuring 200 pm by 100 pum,
spaced 750 pm apart.
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Figure 1: An electrochemical thermal flow sensor,
composed of a resistive heater and a pair of impedance
electrodes.

Fabrication (Fig. 2) starts with 12 um thick Parylene
layer deposited onto a silicon wafer (Fig. 2a), followed by
standard UV lift-off lithography to pattern traces and
contact pads in photoresist. A 2000A layer of platinum was
deposited on the wafer via electron-beam deposition (Fig.
2b) and lift-off was performed to define metal traces. A
second 10 um thick Parylene layer was deposited, and deep
reactive ion etching was used to expose the electrode
surfaces and separate individual devices (Fig. 2c). Finally,
the sensors were released from the silicon wafer (Fig. 2d).
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Figure 2: Flow sensor fabrication process

After fabrication, the sensors were affixed in a luer-
lock adapter with an inner diameter of 3.25 mm (Fig.s 3,4).
This luer-lock module was used to enable seamless
connection to the shunt and catheter systems currently used
in hospitals. External electrical connection was achieved
via a Parylene ribbon cable with exposed platinum contact
pads, which was then attached to a flat flexible cable using
a zero insertion force (ZIF) connector and encapsulated in
biocompatible epoxy.
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Figure 4. a) Side view and b) end view of sensors packaged
in a luer-lock adapter

Experimental Setup

A peristaltic pump was used to drive liquid through the
packaged sensors at rates from 0 to 400 pL/min, with
minimum step sizes of 20 pL/min. Heat was generated
using constant 2 mA current injections to the resistive
heater for 10 seconds at a time and impedance was
measured at 10 kHz with a precision LCR meter. 10 kHz
was selected as the measurement frequency because at this
frequency, the impedance consists almost entirely of the
solution resistance between the two electrodes.
Experiments were conducted at 21.0°C (room temperature)
and 37.0°C (body temperature) with phosphate-buffered
saline (PBS), a commonly used analog for physiological
fluid. Deionized water at 21.0°C was used as a control.

RESULTS

The impedance between the electrodes was found to
drop sharply when the heater was activated in PBS (Fig. 5).
This is consistent with an increase in the mobility of ions
in solution. When testing using deionized water, the
impedance increased slightly, possibly due to a decrease in
water’s density or changes at the electrode-electrolyte
interface. In PBS, the rate of change in impedance
immediately upon heating increases in magnitude with an
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increase in flow rate. This rate was found to be an accurate
measure of fluid flow over the majority of our tested range

(Fig. 6).
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Figure 5: Normalized response of impedance electrodes to
heating in 1x PBS and deionized (DI) water
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Figure 6: The rate of change of impedance upon heating
increased in magnitude for increasing flow rates

The measured relationship between rate of change and
flow is roughly linear at lower flow rates but tends to level
off at higher rates. This may be due to the relatively low
sampling rate of our precision LCR meter (~5 S/s), which
would limit the maximum measureable slope. In the linear
response range, which is from 0 to 320 pl/min, our sensor
was able to clearly distinguish between flow differences of
20 pL/min, with a 3o limit of detection of 10.7 pl/min at
no flow (Fig. 7). Measurements at body temperature
showed a small, consistent decrease in the magnitude of the
sensor’s response at each flow rate.
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Figure 7: Rate of change of impedance versus flow rate at
21°C and 37°C

DISCUSSION

Our flow sensors were able to accurately detect flow
rates within the physiologically relevant range for
hydrocephalus shunts or external ventricular drains, and
their flexible, fully biocompatible design makes them ideal
for integration into shunts and catheters. When normalized
to the pre-heating impedance, the response of the
impedance electrodes was very consistent over multiple
trials. The use of a solution’s electrochemical impedance
sensitivity to heat allows more sensitive flow
measurements than when using the electrical resistance of
solid temperature sensors. The required exposure of
electrochemical impedance sensors directly to the flowing
media sidesteps the problems associated with
encapsulation of resistive solid sensors to provide
protection from the physiological environment.

A small decrease in the magnitude of the sensor
response was observed when measurements were made at
body temperature. However, the response of the
temperature followed the same linear trend, and the
difference between room and body temperature
measurements were relatively small compared to the 16°C
temperature difference. The temperature in the body is
relatively stable, so an implantable sensor may only
experience a small amount of noise from localized or bulk
body temperature changes. It may also be possible to
calibrate the sensors to the surrounding temperature using
the heater as a resistive temperature detector.

This flow sensor design is limited in its response to
higher flow rates when the change in impedance becomes
too fast for accurate measurement with our laboratory
equipment, but the sensor could be tailored to a higher flow
rate by increasing the distance between the heater and the
impedance electrodes. However, this may come at the cost
of a possible loss in accuracy at low and reversed flow
rates. Alternatively, multiple pairs of impedance electrodes
could be used to extend the range of discernable flows
while maintaining low-flow accuracy. The use of multiple
impedance electrodes could also allow more traditional
thermal flow-sensing methods, such as calorimetric or true
time of flight sensing. Either of these sensing methods
implemented using impedance-based temperature sensing
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would be more sensitive and more robust in physiological
environments than if they were implemented using
resistive temperature sensors given in the improvement in
the respective TCRs.

CONCLUSION

A thermal flow sensor has been developed which uses
electrochemical impedance to sense the change in
resistivity of the fluid upon being heated. The sensor is
flexible and biocompatible, which allows easy integration
into medical devices. The sensor was shown to be accurate
in physiologically relevant flow ranges.

ACKNOWLEDGEMENTS

This work was funded by the NSF under award
number EFRI-1332394. We would like to thank Dr. Brian
Kim and the members of the Biomedical Microsystems
Lab for their help and support.

REFERENCES
1. Kuo, J.T.W., L. Yu, and E. Meng, Micromachined
Thermal Flow Sensors—A Review.

Micromachines, 2012. 3(4): p. 550-573.

Hicklin, W.H. and R.B. Belser, Temperature
Coefficients of Resistance of Metallic Films in the
Temperature Range 25° to 600°C. Journal of
Applied Physics, 1959. 30(3): p. 313-322.

Meng, E. and Y.-C. Tai, 4 Parylene MEMS Flow
Sensing Array, in Transducers. 2003.

Wu, J. and W. Sansen, Electrochemical time of
flight flow sensor. Sensors and Actuators A,
2001(97-98): p. 68-74.

Ayliffe, H.E. and R. Rabbitt, 4n electric
impedance based microelectromechanical system
[flow sensor for ionic solutions. Meas Sci Technol,
2003. 14(8): p. 1321-1327.

Yu, L., B.J. Kim, and E. Meng, An Implantable
Time of Flight Flow Sensor, in IEEE International
Conference on Micro Electro Mechanical Systems
(MEMS). 2015: Portugal.

Light, T.S., et al., The Fundamental Conductivity
and Resistivity of Water. Electrochemical and
Solid-State Letters, 2005. 8(1): p. E16.

Barron, J.J. and C. Ashton, The Effect of
Temperature on Conductivity Measurement.
Reagecon. TSP-07(3).

Baumann, S.B., et al., The Electrical Conductivity
of Human Cerebrospinal Fluid at Body
Temperature. IEEE Transactions on Biomedical
Engineering, 1997. 44(3).

CONTACT
*E. Meng, tel: +1-213-7406952; ellis.meng@usc.edu




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


