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Abstract: Electrokinetic micropumps are widely
used in biomedical and lab-on-a-chip
applications. In this paper, AC electrothermal
(ACET) micropump with two arrays of
microelectrodes are simulated, and different
substrate  material and thicknesses are
investigated using COMSOL Multiphysics. The
results show that glass substrates more
efficiently pump the electrolyte solution
compared to silicon substrates. Also, thicker
substrates are more beneficial than thinner ones.
Therefore, well-chosen substrate parameters can
provide potential techniques for high flow rate
ACET micropumping.
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1. Introduction

Electrokinetics has many applications in a
wide range of areas, such as lab-on-a-chip and
biomedical microdevices. The electrothermal
effect has been used for biofluid delivery
systems since it has high pumping efficiency for
high conductive liquids (>0.1 S/m) compared to
other electrokinetic techniques such as
electroosmosis. AC electrothermal (ACET)
micropumps are based on the temperature
gradient caused by Joule heating or an external
heat source, which generates permittivity and
conductivity gradients in the bulk of the liquid.
When the liquid is subjected to an electric field,
the ACET force is created. Several parameters
govern the phenomenon. Some of them have
been studied in the literature including actuation
voltage and frequency [1], planar electrode
geometry [2], number of electrodes [3], and non-
planar electrodes [4].

In this paper, the effect of substrate material
and thickness are numerically investigated. Two
commonly used materials, glass and silicon, are
employed and the resultant electric field,
temperature distribution, and fluid flows are
illustrated.

2. Theory

Electrothermal effect is a multiphysics
phenomenon containing electrostatics, heat
transfer, and fluid dynamics, each of which are
elaborated on in the following subsections. By
energizing an array of microelectrodes placed in
contact with an electrolyte solution, an electric
field is generated in the solution, which causes
Joule heating in the system. This can cause
conductivity and permittivity gradients, which in
turn, introduces electrothermal force throughout
the solution and fluid flow is generated.

2.1 Electrostatics

Applying an AC electric voltage to an
electrode causes an electric field to be generated
throughout the medium in which the electrodes
are positioned. Laplace’s equation can be used to
determine the electric potential V' in a
homogeneous medium:

V2V =0 @)

Electric displacement field D can then be

calculated as:
E=-VV 2)
D =¢E 3)
where E and ¢ are electric field and permittivity
of the medium, respectively.

Moreover, mobile charge density can be
written as [4]:
p=Ve-E+eV-E @)

2.2 Heat Transfer

Electric field distribution throughout the
system, which causes Joule heating as a heat
source, can be determined by applying the
energy balance equation [5]:
kV2T + %(GEZ) =0 (5)
where k, T, and o are thermal conductivity
coefficient, temperature field, and -electrical

conductivity, respectively. %(O‘E 2) is the Joule

heating as the heat source.
For the case of asymmetric microelectrodes,
the resultant E is non-uniform, causing a spatial
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variation in heat transfer and consequently
spatial gradient in local conductivity and
permittivity as:
de
Ve = (%—T)VT (6)
Vo = (ﬁ)vr (7)
For aqueous solutions and temperature

around 293 °K, permittivity and electrical
conductivity can be expressed as [6]:

(l) (Z_;) ~ —0.004 (8)

() () =002 ®
2.3 Fluid Dynamics

Applying Navier-Stokes equations for an
incompressible fluid flow of low Reynolds
number in the presence of electrothermal force
(F,;) as a body force one can write:

-Vp +nV2u+(F,)=0 (10)
Vu=0 (11)
where p, 1, and u are pressure, fluid viscosity,
and velocity field vector. (F,;) can be expressed

as:
1(Ve Ve €E 1
(Fee) = = [ (7 =5 B st + 5 Vel
(12)
where w and t are angular frequency and charge
relaxation time, respectively.

3. Use of COMSOL Multiphysics

In this paper, the effects of substrate
thickness and material for two rows of
microelectrodes placed on the top and bottom of
a fluidic microchannel in an ACET micropump
are studied. Heat transfer is an important
phenomenon in ACET micropumps. Therefore
thermal characteristics of the substrates can
dramatically affect the pumping efficiency.
Numerical investigation was employed for
simulating different combinations of silicon and
glass substrates. 2D simulation of an ACET
micropump (Figure 1) was performed using
finite element software COMSOL Multiphysics.
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Figure. 1 The ACET micropump geometry
3.1 Electrostatics Module

Electric  field distribution along the
microchannel shown in Figure 1 was obtained
assuming two pairs of coplanar asymmetric
microelectrodes, in which the thin electrode was
at 7 Vrms, and the wide electrode was grounded.
Actuation frequency was kept constant at 100
kHz. Periodic boundary conditions were
assigned for side boundaries (right and left
boundaries in Figure 1) representing the rest of
the electrodes. Zero charge conditions were
assigned for the area inside the microchannel not
covered by microelectrodes. Electrolyte solution
with ¢ = 0.224 S/m was used.

3.2 Heat Transfer Module

Heat transfer through the bulk of the fluid
and substrates were determined assuming glass
(k =1.1 W /mK) and silicon (k = 131 W /mK)
as the substrate material and k = 0.6 W /mK for
the electrolyte solution. Periodic boundary
conditions were applied for the right and left
domains’ boundaries. The temperature of
substrate outer boundaries were assumed at
ambient temperature (T=293° K).

3.3 Laminar Flow Module

Laminar flow with electrothermal force as
the external body force was performed for the
electrolyte solution with a temperature dependent
viscosity, and periodic boundary conditions on
right and left boundaries of the domain. No-slip
condition on walls was applied for the fluidic
microchannel walls.
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4. Results

Figure 2 shows the potential and electric
field distributions throughout the fluidic
microchannel. As shown, the maximum electric
field occurs near the thin electrode inside the
bulk of the electrolyte solution. Therefore,
maximum Joule heating is generated at this area
causing the temperature increases
correspondingly.

Figure 3 shows the temperature distribution
in the whole device for ACET micropumps with
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three different configurations of material
substrates which are silicon-silicon, glass-glass,
and silicon-glass. As the thermal conductivity of
glass is much lower than silicon, heat generated
in the bulk of the fluid encounters more
resistance dissipating to the ambient. As a result,
maximum temperature in the micropump for the
case of glass substrates, which is =299 °K, is
higher than the one of silicon substrate, which is
=295 K.
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Figure 2. (A) Potential distribution and (B) electric field distribution for the ACET micropump. The highest
electric field gradient occurs near the thin electrode as the potential approaches 7 V, while it is almost zero near the
wide one. As the similar voltages are applied to top and bottom microelectrodes, the electric and potential fields are

vertically symmetrical.
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Figure 3. Temperature distribution for three different substrate material configurations; (A): glass-glass; (B):
silicon-silicon; (C): silicon-glass. Higher thermal conductivity of silicon causes it to sustain negligible temperature
gradient, while =5 °K temperature drop is observed in glass substrate.
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Figure 2 also shows that the maximum
gradient of electric field occurs near the thin
electrode, meaning that the  strongest
electrothermal force is generated at this area.
This predicts that the maximum ACET velocities
will be in the same area.

A comparison between micropumps with
different substrate thicknesses is depicted in
Figure 4. As thicker substrates induce higher
thermal resistance for heat dissipation,
micropumps with 1000 pm thick substrates can
generate higher flow rates up to 12% than 100
pm thick ones.

Surface: Velocity field, x component (m/s) Streamline: Velocity field

>

Figure 5 shows the resultant ACET fluid
flow for the micropumps with four different
configurations. It illustrates that maximum flow
rates in each configuration occur near the thin
electrode surfaces. The results show that using
glass substrates can increase the ACET flow
velocity up to 230 pm/s at the height of ~10 pm
above the electrode surface compared to 113
um/s for silicon substrates at the same height,
which means that almost 200% increase in
ACET velocity is achieved.
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Figure 4. ACET fluid flow for two different silicon-glass substrate thicknesses; (A): 1000 um; (B): 100 pm.
Thicker substrates provide higher flow rates than thinner ones. Also, as it was expected maximum ACET velocity (x-

component) occurs near the glass substrates.
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Figure 5. ACET fluid flow for four different ACET micropump configurations; different substrate materials used
as (A): glass-glass, (B): silicon-silicon, and (C): silicon-glass. (D): shows a micropump with one array of
microelectrodes placed at the bottom of the fluidic microchannel. Glass-glass configuration provides the highest flow
rates than the others. Also, maximum ACET velocity (x-component) occurs near the electrodes’ edge. Moreover, net
flow generated near the glass substrates suppresses the ACET vortices formed on top of the thin electrodes. This does
not happen for the vortices near silicon substrates, as the net flow at this area has less strength.
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5. Conclusions

In this paper, ACET micropump with two
microelectrode arrays on top and the bottom of
the fluidic microchannel with different substrate
materials was investigated. Fluid flow simulation
of such micropumps showed that substrate
materials with lower thermal conductivity can
increase the pumping flow rate, but do so at a
cost of increasing the fluid temperature. Also,
thicker substrates can decrease the heat transfer
rate and consequently increase the flow rate.
Choosing such parameters carefully can be a
potential technique in achieving higher flow
rates in electrokinetic based fluid transport
systems.

6. References

1. R. Zhang, C. Dalton and G. A. Jullien, "Two-
phase AC Electrothermal Fluidic Pumping in a
Coplanar  Asymmetric  Electrode  Array,"
Microfluid. Nanofluid., 10, 521-529 (2011).

2. Q. Yuan, K. Yang and J. Wu, "Optimization
of Planar Interdigitated Microelectrode Array for
Biofluid Transport by AC Electrothermal
Effect," Microfluid. Nanofluid., 16, 167-178
(2014).

3. A. Salari, M. Navi and C. Dalton, "AC
Electrothermal ~ Micropump for Biofluidic
Applications Using Numerous Microelectrode
Pairs," in [EEE Conference on Electrical
Insulation and Dielectric Phenomena, Des
Moines, 1A (2014).

4. E. Du and S. Manoochehri, "Microfluidic
Pumping  Optimization in  Microgrooved
Channels with AC Electrothermal Actuations,"
Applied Physics Letters, 96, 034102 1-3 (2010).
5. M. Lian, N. Islam and J. Wu, "AC
Electrothermal Manipulation of Conductive
Fluids and Particles for Lab-Chip Applications,"
IET Nanobiotechnol., 1, 36-43 (2007).

6. M. Sigurdson, C. D. Meinhart and H. C.
Feidman, "AC Electrothermal Enhancement of
Heterogeneous Assays in Microfluidics," Lab
Chip, 7, 1553-1559 (2007).

7. Acknowledgements

The authors would like to acknowledge the
financial support received from Natural Sciences
and Engineering Research Council (NSERC),
and also software platform provided by
COMSOL Inc. and CMC Microsystems.

Excerpt from the Proceedings of the 2014 COMSOL Conference in Boston




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 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
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /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
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




