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Abstract: Filling of liquid sampless realized in a microfluidic device witapplicatiors
including analytical systems, biomedical devices, and systems for fundamental research
The filling of a disk-shapedpolydimethylsiloxane (PDMS)microchamberby liquid is
analyzed with reference taicrodructures with inlets andutlets The microstructures are
fabricated using a PDMS molding process with ar83dold.During the filling,the motion

of the gadiquid interfaceis determined by the competition among irseradhesionand
surface tension.A single ramp modelwith velocity-dependent contact angles is
implemented for the accurate calculation of surface tension forcethreedimensional
volumeof-fluid based modelThe effects of the parameters of thisidtional form are
investigatedThe influences of nondimensional parameters, such as the Reynolds number
and the Weber number, both deterndibg the inlet velocityon the flow characteristics are
also examired. An oxygenplasmatreated PDMS substrate is utilized, and the
microstructure is modified to be hydrophilic. Flow experiments are conducted into both
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hydrophilic and hydrophobic PDMS microstructurgsider a hydrophobic wall condition,
numerical simulations withmposed boundary conditions efaticand dynamic contact
angles can successfully predict the moving of the meniscus compared with experimental
measurements. However, for a hydrophilic wall, accurate agreement between numerical and
experimental results is obvious as the dynamic contact anglesimplemented.

Keywords: microfluidics; dynamic contact angle; giguid interface; surface tension;
filling process

1. Introduction

During the lasttwenty years microfluidic devices have been developed for a broad range of
applications in bieanalysis and chemical procesg technologiesThe original fabricabn techniques
of the microfluidic deviceswere derived fronthe semiconductor industry and ma$tvices adopted
silicon or glass as the substrates. These techniques thaunght to beintricate and exgnsive.

In recently years, polymeric materials have beertensively usedfor the fabrication ofthe
microfluidic devicesAmong these materials, poly(dimethylsiloxane) (PDMS) receives a lot of attention
due to its optical transparency and bimgatibility and is utilized as the main substrate for various
microfluidic systems.

Liquid filling is commonly encountered ithe operation of the microfluidic chigChips utilize
lengthy microchannels to deliver liquid solutionair bubbles in liquidérom one place to another or
bring different liquid fluids intanicrochambes [1]. Before using the microfluidic chipghe channels
are usually washed via flushing through water or solvent, and then dried by hot air. Wheheausget
of the chip is conected with a larger buffer liquid reservoithe driving forces accompanied with
surface tension will pull the liquid into the microchannels. Sometimes surface tension magdle the
driving force to help the liquid flow intthe chip.

Pressure, high ettric fields and gravity are usually exploited to drive the flow of liquid in
microchannels. However, surface tension, which is typically negligible in rsaate systems, is also
force responsible for a variety of physical phenomena involving smaiined of liquid Molecules in
the liquid state exert strong attractive forces on each other. Surface tension, a cohesive force, arises froi
attractive forces among the molecules in a fluid, whereas an adhesive force to the wall acts on the fluid
interface &the contact point with the walf.anget al.[2] used the marching velocity or position of the
meniscus front, which was driven by thapillary force and the gravitational effect, to measure the
surface energinside a parylene microchann&hey proposd a onedimensional mathematical model
to evaluate the liquidilling behavior in a straight microchannel. Kumg al. [3] demonstrated the
balance among the inertial, surface tension, gravitatiosadl frictional forces of blood flow
characteristics im glassmicrochannel. Trungt al.[4] usedcompressed aand airsuckingto load the
PCR sample into the microfluidic chip. The loading rate of the sample results from the competition
between the air pressure and the surface tension. They examine@ehdatee otheloading rate of
aPCR mixture on the thickness of the PDMS wall between the reaction chamber and the aiFhacket.
surface tension dominates the autonomous fluid movemaerttyidrophilic microchannel, e.g., glass or
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poly(methyl methacrate) (PMMA) channels. However, because of the intrinsic hydrophobicity
of PDMS or parylene, it is difficult to move fluid in a hydrophobic microchannel using only surface
tension force.

The advantages of utilizinghe surface tension effect imicrosysens include lower power
consumptionea® of fabricationandno active fluidic componen# variety of applications for surface
tension exist in micrdectromechanical systems (MEMS), includirydrophobic valves[5],
micro-injection molding [6], flow switches [7], liquid metering [8], surface tensiopowered
self asembly [9], microstructure formatiofl0], ink-jet printing [11], plasma extractiofl2], and
cell culture[13].

Experimental and numericatuslies of surface tensiediriven flow in microchanels have been
performed.Tsenget al.[14] studied the process of a liquid sjughich was blown by an air flow moving
in and out of the micro reservoir. They used the vohafrituid (VOF) method as a numerical scheme
and considered surface tension aslametric force. Results showed that the success of resétiog
strongly depends on the designs of the hydrophilic wall surface and the wall shape/size of the flow
network.Leu and Changl5] presented the capillary stop valves and micro sample aepavhich
were using a pressure barri€he pressure barrier tifie stopvalve design could be predictectll by
utilizing thethreedimensional meniscus methakknseret al.[16] examined the quastatic motion of
wetting bubbles in microchannel comttions.The entire system close to equilibrium for all bubble
positionswas assumedBased on their analysis, they established three design rules for retheing
pressure that is needed to push the bubbles out of the contr@ttesret al.[17] examired the surface
tension flow of open microchannelsth turning angles from 45to 135. It is shown that the turning
angle plag a major role in the meniscus of liquigs interface shape.

The simulation of surface tenstaliven flow in microchannelsasbeenattracing a lot ofattention.
Resultswere generated by assuming a constant value of the contact angle, which meanky tihet
static contact angsavereapplied in allpreviouscomputationatesearchThe contact angle is the angle
between the &e liquid surface and the confining walhdis a result of theompetition betweesurface
tension and the adhesive foré®hen thecompeting forces arein balancethe contact ling,e., the line
where a solid meets the liqugas interfacedoes not rave and the matching contact angle is then called
static. If the forces are out of balance, the contact line will move towards its equilibrium position
creatinga dynamic contact angl&he velocity with which the contact line moves is called the contact
line velocity and is oftemodeledas a function of the dynamic contact ari@® 19] However thestatic
contact angle was still utilized to consider the moving meniscus qualitatively to deduce some filling
strategies in recent studies.

In numerical treahent of moving contact lines, contact angles are required and applied as a boundary
condition at the contact linélowever, the dynamic contact angiethe contact linedepends on the
velocity of the moving contact lin& meanfield free.energy lattice Bltzmann model was adto solve
the moving contact line problem of liguidhpor interfaces and the dynamics of the wetting and
movement of a threphase contact line confined between two superhydrophobic sufg@;2s] The
velocity fields near the inteace were in good agreement with fluid mechanics and molecular dynamics
studies.The dynamic contact angle amicrochannetould be larger (advancing) or smaller (receding)
than the static contact and2]. In all of the aforementioned studies, théeefs of the relationship
between the contact angle and the contact line velocity on the flow characteristics inside the
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microchannel omicrochambewere not investigatedd computational model with a simplified linear
relationship between the contact Engnd the contact line velocity has been utilized in previous studies.
Baeret al.[23] developed a finite element moving mesh model in two sample problems: solid body
rotation of a fluid and extrusion from a nozzle with a rectangular-sass t | met.al.[28]istkdaed

the drop impact using a volurod-fluid based method. The predicted time dependence of the
drop-spreading diameter and of the dynamic contact angle agrees well with the experimental data for
both the advancing and receding phaseb@irmpact procesé&fkhami and Bussmanatilized [25,26]

three models of contact angle variation with contact angle velogityredictions of drop impacthe

linear relationship between the contact angle and the contact line velocity is simple aretlcdnwvet|

the change of the dynamic contact andeour study, a generalizedorm with velocitydependent
contact angles is implemented for the calculation of surface tension forces in a -odifloi
based model.

Understanding thiquid filling process issignificantto design microfluidicchips. Successful filling
by the liquid flows of microchannels amicrochambes is not as easy as that of a mascale system
because the surface effects are signifif@dhtDifferent geometry of microchannels microchambes
may resulin different filling behavior such as filling timar thepossibility of entrapping an air bubble,
etc.If thechipis pooly designedthen air mayasilybecomeentrapped in the micreavities degrading
the functions of the sgems.In our previous study27], the entrapment of air bubbles in the oval
disk-shaped chamber as a free surface moved through the microstructure during the filling process was
examined. Théwo-dimensionahumerical results indicaddinear relationship between the formation
of thebubble and both the Weber number and the sum dtétecontact angle and the change in the
angle between the microchannels andrtherochambeiat the intersection. Howevethe flow front
shapes diffexd between numeridasimulations andexperimental interface locationgspecially in
regions in which the flow fronenteredthe chamber after it passed arownsharp cornerTherefore,
understanding the effects of surface tension, adhesion and inertia on fluid flowymathid contact
angles in microchannels onicrochambes is of marked importance in the related fields of science,
medicine and engineering.

This work numerically establishes the filling processes of the liquidthen disk-shaped
microstructuresby consideing microchambes with inlets and outletdabricated using MEMS
technologes Threedimensionafjoverning equationare adopted teimulatethefluid flowsinside the
microfluidic devices. A generafunctional form with velocitydependent contact anglissmplemented
for the accurate calculation of surface tension forces in a vetiiffleid based model. The effects of the
parameters of #functional form are investigate&inally, the microfluidic devices are fabricated in
PDMS substrates simply from aoid. Due tothe hydrophobicity of the PDMShe oxygenplasma
treatment method is used to modify the surface of PDMS microchannels to be hydréjbnlic
experiments are conductedo both hydrophilic and hydrophobic PDMS microstructuned the results
compared with those of numerical simulations.

2. Mathematical Model and Numerical Methodology

Theliquid filling processes inside an oval or a circular esslapednicrochamberareaccepted to be
governed by the continuity and the Naviiokes equationsibject to appropriate boundary and initial
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conditions Numerical simulations are conducted to elucidate the motion of a liquid flow inside the
microchannels and theval diskshapednicrochamber

Assuming that the fluid obeys the linear Newtonian fricteom and neglecting the compressibility,
the governing equations comprise conservation of mass and momentum, and a scale function, F, of th
liquid volume fraction inside a computational cell. The conservation equations of mass and momentum
are solved to wld the motion and the shape of the-fi@sid interface. The continuity equation can be
expressed as follows

p3U 6 (1)

where U s the fluid velocity vector

The momentum equation for a continuumisthdaoague of Newtonds seconc
The momentum principle states that the rate of change of linear momentum of material in a region equals
the sum of the forces on that region. Two such forces may be inclaidyl forces, which act on the
bulk of the material in the region, and surface forces, which act on the boundary surface. The momentum
equationi.e., the Navier Stokekquation,is

%+(U * =i—-P D %4 érFSV @

wheret is time,} is the fluid densityP is thestaticpressurgandv is thekinematicviscosity of the
fluid. The last term on the right hand side ofugtion(2) is the volumetric surface tensjamhich can
be calculated using the continuum surface force (CSF) m&ieface tensiodriven flows are
sourceterm dominated, and convergent solutions become difficult to obtain numerically.

The orientation of the interface near the contact line reflects the contact angle, which is the angle
between the normal to the liqusblid interface and the normal to the solid surface at the contact line.
A general correlation for the contact angle as a function of contact line velocity is not easy to be
obtainedvan Mouriket al.[18] gave arief summary about the contact anglesdals. The theoretical
studies on the dynamic contact angle carried out in théelastecades have led to numerous theoretical
dynamic contact angle models. In contrast with the theoretical analyses, dynamic contact angle models
have also been proposedsbd on experimental measuremeilise Blakés model[28,29] which is
based on molecular kinetics, is one of the most common used dynamic contact angkimodel
numerical simulations. This model has been examioeds success in describing the experirtaly
observed behavior of the dynamic contact angle in many cases. The gobthéttheoretical and
experimental datavas advanced as evidence for accepting the proposed theory. In the Blake's model, the
contact angle depends on the velocity. Thetigeiahip between dynamic contact angle and contact line
velocity is essentially monotonandis very similar to the hyperbolic tangeminction In a previous
study [30], the hyperbolic functional formvas also used to express the empirical modethiedynamic
contact angleA single rampmodel with velocitydependent contact anglgb] is implemented to
model the relationship between the contact angle and the contact line vatooity study The
functional dependence and the required parameteexparessed in the following slopetercept form
and shown in Figure.1
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Figure 1. The slopeintercept form and the relationship between the contact angle and the
contact line velocity.
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wheredy is dynamic contact angle anglis contact line velocityK is the slope, andf, the static

contact angle, can be interpreted asytirgercept of the line, thg-coordinate where the line intersects
they-axis.d is the lower cutoff andl,. is theupper cutoff of this functional fornThe quadratic and

the stretchedhyperbolic tagent models shown in Figure lare also utilized to simulate the
dependence of the contact angle on the local tangential speed of theyaquiderface, that is, contac

line velocity. The functional dependence and the required parameters are for the quadratic model and
the stretched hyperbolic tgentmodel expressed in the followirkgguatiors (4) and (5), respectively

&g, = max(q,,q)

g, =ad v, +b3v, +c and j

i g, =min(qg,.9,.) )

and

Gy = (quc ) qs)tam{a?’ Vt3 +b3 Vt2 +c3 Vt) ()

wherea, b andc are constantsThe 3 models used to describe the velocity dependency of the contact
angle in our study have similar trends in the relationship between the contact angle and the contact line
velocity,and are employed on predictions of the liquid filling processes in microchahhelsaotiors
of a liquid flow inside the microchannels and the microcharaleecompared amorigreemodels.

A finite volume approach is adopted using computational fluichoyos (CFD) software ESTFD
(V2006, CFD Research Corporation, Huntsvillg,,AJSA) to model the progress of a gapiid free
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surface.The methods comprised othe volumeof-fluid (VOF) method[31], the interface tracking
technigue and the CSF surfaemgion mode]32]. The characterizing feature of the VOF approach is
that thetwo fluids are considered as one effective fluid with a scalar vaifalol#led the scalar function
of the liquid volume fractiorF is a ratio of volume occupied by the liquda computational cell to the
total cell volumeGiven a flow field and an initial distribution & over the grid, the evolution of the
volume fraction distribution is determined by solving the passive transport equation,

%*(U P o (6)

This equation must be solved together vittuations (1) and (2) to achieve computational coupling
between the velocity field solution and the liquid distributionthe numerical simulation, the surface
tension at the free surface is modeled with a loedlizolume forceF,, in the framework of the

continuum surface force (CSF) model, which is ideally suitedHetEulerian interface of arbitrary
topology[32,33] In the Eulerian interface method the grid mesh in the numerical computation is fixed
and the flid and other objects flow across computational cells. The CSF model eliminates the need
for detailed interface information and is comriyoutilized in recent studies. We can exprdss as

the following

.= 6 PA

é |DF| I

(e

F (7)

> (D~ (D
c

This volume force carhen be incorporated into the momentum equationsiatian (6) must be
solved together with Raatiors (1) and (2) to achieve computational coupling between the velocity
field solution and the liquid distribution. The implementation of the boundary comditio the
dynamic contact angle is incorporated within the framework of the CSF model. Volumetric force
applied at the solid walls is calculated with

PF _C c
ﬁ =N, COSGy +1,,4,SING, (8

where r\ﬁva” and t\;va” represent outward normal and tangential vectors for the wakpectively.

Therefore F takes a unit valuan cells that contain only liquid fluid, armeroin cells that contain only
gas. A cell that contains an interface would have an F of between zero and unity.

A threedimensional timevariant fluid field is adpted to specify the flow characteristics of
microsysters. The classification of the VOF method as a volume tracking method follows directly from
the use ofF to describe the distribution of liquid and to yield the liquid volume evolution. One
consequencefahe purely volumetric representation of the phase distributions is that the interface
between gas and liquid is not uniquely defined. Therefore, it must be dynamically reconstructed from the
distribution ofF. In this work, an upwind scheme with piecesvismear interface construction (PLIC) is
adopted to determine the flux of fluid from one cell to the next and the curvatures of the surface. In the
PLIC scheme, each cell has a unique surface normal that can be adopted to determine the surfac
curvature fom cell to cell, enabling the surface tension forces of the free surfaces to be calculated and
addedThe detailed numerical methods were found according to a previously reported $jork
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This work considera configurationof the flow systemsit compises inlet/outlet microchannels
and a circulaor an ovaldisk-shapedmicrochambewith an adhesive wall surfac&he grid systems in
the computational domain are selected to ensure the orthogonality, the smoothness and the low aspe
ratios that prevent umerical divergenceshown in Figure2. Poor orthogonality most directly
influences the accuracy of the flux calculations, whereas poor smoothness and high aspect ratios mos
directly affect the accuracy of the surface reconstruc@uoia size sensitivityvas analyzed at the very
beginning of the numerical simulatioridesh density is increased continuously until it has minimal
effects on thenaximum velocity inside the systefigure 3 showsthe shapes of the liquid froné
times of 0.02 s and 0.04 s ah inlet flow velocity of QL m/s. The analyses of five mesh densities
ranging from1.2096 x 10* to 1.6033 x 10° are used and the two finest meshes give a negligible
relative difference in their corresponding valugkich indicates they are meshdependat. The
values of maximum velocity inside the microchanaietwo different timegor the five mesh densities
are alscexpressedh Table 1 Finally, the mesh density wi?6768x 10 has been chosen for further
investigation since thenaximum velocities inside the microchannedre almost the same and the
numerical results are gaddependent.

Figure 2. The grid systems of the computation domain fay ¢val and ) circle
disk-shaped chambers.

(b)
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Figure 3. The shapes of the liquid fronts at timesa)f@.02 s andlf) 0.04 s at an inlet flow
velocity of 0.1 m/s at five mesh densities. Grid1: 1.2696.0°, Grid2: 3.0720x 10,
Grid3: 5.6000¢ 10%, Grid4: 9.6768¢ 10*, and Grid5: 1.6033 10°.

Gridl
Grid
Grid4 and Grid5
Grid3
(a)
Gridl Grid3 Grid4 and Grid5
Grid2

®

Table 1.The analysis of the grid size independence.

Maximum Relative difference Maximum Relative difference

Number of nodes  velocity at  in maximum velocity  velocity at  in maximum velocity
0.02s at 0.02 s (%) 0.04 s at 0.04 s (%)

Grid1: 1.2096x 10* 0.305065 - 0.311528 -
Grid2: 3.0720x 10* 0.195608 55.97 0.19560 59.26
Grid3: 5.6000x 10* 0.200395 2.39 0.200394 2.39
Grid4: 9.6768x 10* 0.203124 1.34 0.203124 1.34
Grid5: 1.6033x 10° 0.204233 0.54 0.204233 0.54

3. Fabrication Process andExperimental Method

For the purpose of experimental characterizationheffilling process othe microchamberthe
microchannels ananicrochamberin poly(dimethylsiloxang (PDMS) substrateare covered with a
PDMSor a glasplate The flow devicdrom PDMSis fabricated by a replica molding methddtially,

a silicon waferis cleaned and dehydrated on a hotplate. &ktfilm is fabricated by spin coating
negative photoresist (S8) onto a silicon wafer. The resist is then soft baked on a level hotplate. The
pattern is fabricated by photolithography using a photo mask. éddtexlopment, the master is washed
and baked to fix the photoresist. A wafer with patterned8Sb then obtained. Once the mold is
complete, the wafer is rinsed in deionized (DI) water and dried with nitrdgerheight of the positive
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patterns on the nhing masters is 10@ m when measured wiThehPDMS s ur
prepolymer mixture which is thoroughly mixed with the base solution and curing agent using a 10:1
weight ratio is degassed with a mechanical vacuum pump to remove air budftdepouring the
PDMS prepoymer mixture onto the wafer, micisiructures are fabricated using a PDMS replica
molding processThe PDMS is then cured in an oven and the replicas are peeled off from the mold. The
inlet and outlet holes are then drilled. Methanol is used as a sutfamamprevent two
oxygenplasmatreated PDMS replicas from being irreversibly bonded when aligned improperly.
A glass slide is also used to bond the PDMS repldter O, plasma treatment and bonding, the
designed microstructurevhich consists of two mrochannels and a microchamber has been fabricated.
Due tothe high hydrophobicity of PDMS, it is difficult to transport aqueous fluid on the PDMS
surface without any external pow@ne of the advantages of fabricated PDMS microfluidic devices is
easy visalization, so PDMS istill widely used as thenost importantsubstrate for microfluidic
systemsThe O, plasma treatment method is often used to modify the surface of PDMS microchannels
to be hydrophilid34]. Due to its instability, however, the oxidiz&DMS surface slowly recovers its
hydrophobicity after exposure to the ambiét a period of timeSamples bythe glassand PDMS
surface modificatiomreutilizedto measurelte contact angleand the results ashown in Figure 4The
mean vale of the measurementat severalmeasured timess used The results demonstrated the
wettability changes witlthe duration timeof the glass(top side) and PDMS (bottom sidslirfaces
modified withO, plasmaln this work, the timedependent change of the contagle can bebserved
clearly after surfacetreatment The contact angle of unmodified PDMS substrates remains at around
100°1 112° from our measurement#ccording to the literature, the contact angle of pure PDMS is
greater than 105? However, the contactgle of PDMSwith surface modificationlecreases frorhl12
to 10°. And it increases to 20°about 60 min after surface modification.

Figure 4. The measurement of the static contact angle of water on the sorfatifed
PDMS surfaces.
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The microchambers designed to study the effects of various forces such as inertia force, adhesion
force and surface tension on the filling characteristics in a charmberthefilling experiment in
pressuredriven flows, fluidis injected into the microchannel using aisge pump (Programmable
Syringe Pump, KD ScientificHolliston, MA, USA) at preset constant flow rates. The experimental
setup for testing the performance of the fabricateatochambers described as follows. One syringe is
loaded with DI water. The whing fluid first entes the inlet channgflows through themicrochamber
and finally exis through an outlet channel. Several experimargsperformed with various flow rates
for different microchambes to investigate the effects of operational and getvical parameters on
filling performanceThe filling patterns are dynamically recorded using a computer systptured by
a highspeed camerat a magnification of 40with a graphic grabber system (V&®&ear TV Plushat
rates of 125, 250, 50@nd 100dps. The rate depends on the flow inlet velocity.

4. Results and Discussion

In this section,wo configurations of the flow network system are considered. The microchannels are
100 & m WwWiOdeepand the circular diskhapednicrochambehas a diamerof8 00 e m. T h
dimensions correspond to angles between the microchannel an&ctbehambeat the intersection of
138. 6A. The microchannel s -stmpednictbodhdmbesfom7 Qv0 d&m i & n
2 5 0 ottim semimajor and sermiminor axes.These dimensions correspond to angles between the
microchannel and the microchamber at the intersection of 1Th@°chambers may have hydrophilic
or hydrophobic surfaces. The contact angle of thevater interface on the solid surfasespecifedto
simulate filling under various surface conditions and to elucidate the mechanism by which the front
changes in the chamber. In the following, the effects of the various parameters on the motion and the
shape of the aiwater interface in a circuladisk-shaped chamber are studied first. Then, the
comparisons between numerical and experimental reseltsown The above values of the parameters
are used unless otherwise stated.

In an effort tounderstand thsurface tension flosinsidemicrofluidic chips the changein the shape
of the liquid frontareused to evaluate tH&uid filling proces®s Figures5 and6 plot the effects of
various inlet velocities on the filling process for a mgtracture Weber numbers of 0.345 and 0.0138,
and Reynold numbers of 50 and 10, are considered, corresponding to inlet flow velocities of 0.5 and
0.1 m/s, respectively. The Weber number is the ratio of the inertia to the surface tension, and is given by
We=rU? _W/s . The Reynolds number is the ratio of the inertia towiseosity and is given by

inlet
Re=U,,.W/n whereU,,, is the inlet flow velocity and W is the width of the microchangel.n d 0

inlet inlet

are the kinematic viscosity and the surface tension of the liquid, respectivebtalibeontact angle of

the gadiquid interface on a solid surfaceused andaken to bé0? In Figure 5, the fluid enters an inlet
channel at a pumping veladgiof 0.1 m/s.It presengthe locations of the aivater interface as a function

of timefor t = 0.58x 10'%, 0.77x 10'%, 0.85x 102 154 x 10 2.72x 107 4.06x 1072, 462 x 10?,

537 x 102 6.16 x 102 6.24 x 102, and 6.43x 102 s, respectigly. The liquid flows forward and
approaches the entrance of the chamRegarding the contact angle of 805 the liquid has a concave
interface with airWhen the interface reaches the sharp corner, the meniscus near this corner stops
moving forward andemains at this point until the bulk of the flow has advanced sufficiently, allowing
the meniscus to bulge sufficiently over the corner so that the contact angle at the edge8aches
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(marked by a blue dotted circléljhe adhesive force between the liqaid the solid wall is established

to createa capillary pressure barrier that stops the fldw.abrupt enlargement in the cressctional

areafor the contact angle of 80°makes the pressure in the liquid become negative.thbeapilary

gating effet can be seemt this point, theangle of theliquid meniscus must change to adopt the
equilibrium contact angle at the slanted wallsis side of the meniscus descends down the side of the
chamber and along the surface. The other side of the menispssrkeving forward until it reaches the
entrance of the chamber, because the wall of the inlet channel is tangential to the wall of the chamber an
the inertia force continues to drive the liquid flow forward. Then, the flow leaves the inlet channel,
wetting the side surface. This change in the angle between the microchannelsraimidtieambeat

the intersection increases the gjigsid area to more than the soliquid area for a given volume
change, resulting in a negative opposing pressure. Thacsuknsion of the meniscus and the liquid
pumping force overcome this capillary pressure barrier that develops when the cross section of the
channel changes abruptly, establishing a positive pressure that pulls the liquid miordawhamber

We isequato 0.0138 so the surface tension dominates the flow mechanism. As the liquid flows into the
chamber, the flow front becomes convex because ah#réaof thefluid flow. The curvature of the

wall of the chamber changes the shape of the front sutlit thecomes flat when the liquid occupies
almostonethird of thechamber volumeThen the shape becomes concave. The variations in the shape
of the front are related directly to theertia force and th@roperties of the wall. When the liquid
meniscus eaches the outlet channel, one side of the liquid meniscus reaches the sharp corner, and i
stops moving forwar@marked by a red dashed circl&he other side of the meniscus continues to flow
through the chamber. When the angle of the liquid menisargyels to the equilibrium contact angle at

the sharp corner, the ghguid interface exits through the outlet channel. The results indicate that the
changed angles at the entrance and the exit of the chamber are closely related to the flow progressio
whengeometric changes occur at the connections between the chamber and the channels. Finally, th
liquid completes the filling process.

Figure 5. Filling process for inlet velocity of 0.1 m/s adgof 80°?

Re increases with the inlet velocity and the inertia force besotioeninant, as presented in
Figure 6.An 80° static contact angle of the ghguid interface on a solid surface is usétie figure
presers theresults fort = 1.57 x 103, 3.34 x 103 5.17 x 103, 7.02 x 103, 9.29 x 10° and
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12.47x 10°® s, respectively, at an inlet velocity of 0.5 m/s. As the free surface reaches the sharp corner
at the entrance of the chamber, the-lgfsd interface near this corner stops moving. Theepside of

the free surfackeeps movingThe inertial force causes the meniscus to move fast@vercomes the

flow resistance at the corner easily and drives the fluid flowing into the chanti@estrong inertial

force causes the interface to remadmvexfor almost twethirds of the chamber volumén Figure 6,

the wave front shape is changed from convex to flat and then to coki¢her.the fluid flows into the

outlet channel, inertia force pushes the free surface concave at one side and ctreethar side.
Finally, the filling process is finished without the entrapment of air bubbles. The competition between
inertia and adhesion causes the shape to be Imade the chambdor a long time.

Figure 6. Filling process for inlet velocity of.B8 m/s andfs of 80°?

When the liquid flows through the microstructuagrecise agreement between simulated data and
experimental results complicated27]. Simulationsare mostly generated by applying a static contact
angle at the boundary conditiotdowever,the contact angle depends on the velocity of the moving
contact line.The velocitydependent contact angles must be realized for the accurate calculation of
surface tension forcegigure 7showsthe simulated velocity vectors as the liquid flows into the
microstructure We of 0.345 and Re of 50 are used, corresponding to an inlet flow velocity of 0.5 m/s.
The surface tension force dominates this cabeee different models dhe contact angle variation
with contact line velocityw, are employedn pralictions of the liquid filling processe3he single
ramp modelthe stretched hyperbolic taentmodel andthe quadratic model aratilized to compare
thesesimulations shown from left to right in Figurearc, respectivelyAmongthese modelsy;, static
contact angleis 805 d, lower cutoff anglejs 45} and d,, upper cutoff angleis 115°? In the single
ramp modelK, the slope of the functioms 350s/m. In the stretched hyperbolic tg@ntmodel,a is
10°s ?/m?, bis 0°s/m, andc is 0°. In thequadraticnodel,ais 1750s/m?>, b is 350 /m?, andc is 62.5
s/m The functional dependences are shown in Figuk&Hen the liquidgas interface does not move,
i.e,, i equals Om/s, the static contact angle is usé@the contact angle is consideredrggsed with the
increasing ofv.. From the top to the bottom in Figure 7 the results argresent the results for
t=133x 103 2.61x 103 10.51x 103, and 1257 x 103 s, respectivelyThe difference is almost
negligible atthe four times.It means that the liquid filling processes inside our microstructures are
approximately the same among three functional forms with fspeparameters.The overall
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computational time for predicting the filling processes in our system by using the single ramp model,
the stretched hyperbolic tgantmodel and the quadratic model is abouth361 h, and 53 per case,
respectively,using acomputer with Intél CoreE 2 Duo CPU T8300 an@G RAM. However, the
computational time for predicting the liquid filling process in our system is the shortest by using the
single ramp model. Thus the single ramp model is chosen to prevent atttidnalcomputational

time in e following simulations.

Figure 7. Filling process for three models)(single ramp mode(b) stretched hyperbolic
tangent modeland €) quadratic model.

Figure 8 plots the results concerning the motion of the-g@sid interfaceat a velocitydepement
contact anglef a single ramp model presented in Figurénzthis caseK is equal to350°s/m, ds is
80°, d¢ is 45, andd, is 115°. It means that the contact angle increases linearly wifitom 80 to
115 while v; is under 0.1 m/s, and the contact anglenvariant andequal to 11% while v; is greater
than 0.1 m/sWhen the gadiquid interface reaches the sharp corner near the inlet or the outlet channel,
the meniscus near this corner moves slowly @mdains at the corners until the bulk of the flow has
sufficiently advancedConcerning the walladhesionproperties, the wall is under a hgghilic
condition(dy is less than 90jasv; is less than 0.03 m/s. The effect of a capillary pressure barrier does
not remain obvioughe flow front keeps moving into the chamber without stopfmarked by a blue
dotted circle) Compared with the resslimarked by a bludotted circle in Figure 5, the adhesive force
between the liquid and the solid wall is established to create a capillary pressure barrier that stops the
flow by regarding the static contact angle conditiGonsidering the dynamic contact angle mddel
Figure 8 the capillary pressure barrier near the sharp corner is negligible. From our previous
results[27], the flow front shapes differ between numerical and experimental date in which the flow
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front enters the chamber after it passed around the sloangrclt is found that the flow front
progresses into the chamber without stopping from visualized images. By utilizing the dynamic contact
angle model, the simulations compared with our experimental r¢&id]tshow a similar trendihen

the liquid move into the chambeand the crossectional area becomes lardhe velocity of the
gasliquid interfacestarts todecreaseWith regard to the wakhdhesiorproperties, the wall is under a
hydrophlic condition.The liquid moves along the circular chami&l, and thelow is still driven by

the inertia, so the meniscus bulges while entering the microcha@b&n a hydropihic wall,

the front isconvex and thertorcave as the liquid flows through the chambehile wetting the

side surface.

Figure 8. Filling process for the single ramp model whérs 350°s/m, ds is 807 di is 45°
andd,cis 115°

The effect of theparameters of the single ramp functianan inlet flow velocity of @5 m/s is
studiedanddemonstragd inFigure 9. We equal®.0863 andRe equal®5. When the liquid flows into
the microstructre, he liquid/surface contact angtangesbetween B° and 85; 80°and 1157 110°
and 145°for casega), (b), and(c), respectivelyFrom the top to the bottom in FiguretBe results are
present the results fdr= 0.09 x 102 0.30x 102 0.73x 102 0.94x 102 1.19x 102 and
1.33x 102 s, respectivelyFor a hydrophilic walin case(a), the flow front keeps moving into the
chamber without stopping because of surface tension and inertia. When the surface tension dominates
the fluid flows inb the chamber, wetting the side surface, and the effect of a capillary pressure barrier
does not remain obvious. When the liquid moves into the chamber, the increase in tiseatrosal
area of the chamber reduces the inertia. The interface stops nabtireggsharp corner near the exit of
the chamber and its angle changes to the contact angle. The interface retains its concave shag
throughout the filling process. Given a hydrophobic wall for ¢asehe front is convex as the liquid
flows through thechamber without wetting the side surface. After the meniscus reaches the sharp
corner near the inlet or the outlet channel, it remains at the corners until the bulk of the flow has
sufficiently advanced. The liquid flow is still driven by the inertia,tls® meniscus bulges over the
whole chambefThe wave front becomes attached to the wall before the meniscus stretches across the
whole chamber. The meniscus bulges sufficiently over the sharp corner near the outlet channel so the
contact angle at the edgsachesmposed conditions
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Figure 9. Filling process for variouds, dc andd.. (a) K is 350°s/m, dsis 507 d is 15°and
duc is 857 ( b) K is 350°s/m, dsis 80; dy is 45°and dcis 115¢? and (c) K is 350°s/m, dsis
110? dcis 75°nd dcis 145°.

(a) (350, 50, 85, 15) (b) (350, 80, 115, 45)  (c) (350, 110, 145, 75)

1 @
2 @
3 K B
?

From the previous worKL8], it is presentdthat the contact angle increaseth the increasing of
the contact line velocityFor the single ramp functio denotes the slope of the function. Whers
large, the contact angiecreasesnuchasthe contact line velocitpecomes largd-igure 10illustrates
the results concerning the motion of the -tigsid interface at variosl slopes of the single ramp
function. In this caseals is 807 di is 45° andd,.is 1157 K, the slope, is equal to 33m, 350s/m,
and 1050s/m, respectively, from left to right in Figure () to 10(c) It means that the contact angle
increases liaarly with the contact line velocity from 80°%o 115°while is underl, 0.1, and 0.033n/s,
and the contact angle is equal to 115°whitas greater thai, 0.1, and 0.033n/s respectivelyFrom
the top to the bottom in Figure 1the results arpresent the results far= 0.08 x 102, 0.30x 102,
0.73x 102 0.98x 102 1.19x 102 and 1.34x 102 s, respectivelyWhen K is 35s/m, the
microstructure for the liquid flow is generallynder a hydrophilic wall conditiofthe contact angle is
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less than 90jasv; is less than 0.28én/s. The flow front keeps moving into the chamber without
stopping. The effect of a capillary pressure barrier does not remain obvious. The interface stops
moving at the sharp corner near the exit of the chamber and its angle changes to the cont&beangle.
same feature profile is used kgure 10, butK is increased to A50°s/m. A hydrophobic wallis
generatedthe contact angle is larger than 90) whens greater than 0.001 m/8he front is convex

as the liquid flows through the chamber withowdttmg the side surface. After the meniscus reaches
the sharp corner near the inlet or the outlet channedtarts to decrease. Then the contact angle
decreases and the walls become hydrophilic. The flow front keeps moving into the chamber or the
outlet channel without stoppindg-he liquid flow is still driven by the inertia, so the meniscus bulges
over the whole chamber. The interface descends along the outlet channel abraisigntrapped.

Finally, experimental and numerical studies of surfaceidardriven flow in our surfagmodified
microstructures are performed. Because of the hydrophobicity of the PDM8xygen plasma
treatmentis used to modify the surface dhe PDMS substrateThen the surface of PDMS
microstructures can be modified to hgdrophilic. Thus fow experiments are conducted into both
hydrophilic and hydrophobic PDMS microstructurés.Figure 11, PDMS is used as a cover under
which thePDMS microstructurés fabricated using MEMS technologihe oxidized PDMS surface
slowly recovers its hydrophobicity after exposure to the ambient after onéldsyPDMS is almost
completely transparent in the visible spectrum. Flow experiments are conducted at least four times,
under the same conditignto confirm repeatability. In each exprent, the total filling time is
measured with a deviation of the order of 0.001 s. The experimental observations described below
were repeatable. Figufiel presents many experimental results obtainechioval microchamberand
the microchannels a0 e m wi d¥®0 aenmd deep wi th a2am/s.@nk setof v el
lengths of the semajor and seraminor axes of the ovaldisk haped chamber are
From the top to the bottom in Figure,lthe results arg@resent the results far= 3.42 x 10",

4.78 x 10!, 6.24x 10, and 8.52x 10" s, respectively.The results are confirmed by numerical
simulation andexperimental interface locationd’he numerical results are also compared with
experimental measurements and reveal similar filirgcessesThe parameters of the functional form

of the dynamic contact angle for each case #&red(, d,, di). A static contact angle is specific at the
walls asK is equal td°s/m. The flow front shapeshow similar resultamongcase(a), (b), (c) and(d)
experimental interface locatiarBhe static contact angté water on PDMS surface is abost For

a pressurariven flow, a flow hindrance effect with regard to the surface tension can be seen, so the
range ofthe contact angle varies from 9@ 180°[2]. It means that the dynamic contact angles are
still above 90°for a given hydrophobic condition. Results show that numerical simulations with
imposed boundary conditions of static and dynamic contact angles can successfully predict the moving
of the meniscus compared with experimental measurements.

A glass slide is also used to bond the PDMS replica. Aftepl@ma treatment and bonding, the
designed microstructure has been fabricaldds chip is also almost completely transparent in the
visible spectrumFigure R presents many experimental results obtainesirmlar conditionsas those
shown in Figurell The experiments are conducted around one hour after the PDMS surface
modification. The static contact angle of water the surface oflassPDMS bonding microstructure
is about30°, shown in Figire 4. From the top to the bottom in Figure,Be results arpresent the
results fort = 2.33x 10'%, 3.62x 10'*, 4.29x 10, 5.63x 10, and 6.91x 10 * s, respectivelyAnd it
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can be seerhat the static contact angle remains the similar value at 40 min to 100 min after the
oxygen treatment proces® flow hindrance effect with regard to the surface tension for a
pressuredriven flow can cause the contact angleange from 90°to 180° The assumed hydrophilic

and hydrophobic wall conditionfor case (a) and (b), respectively,cannot be usedor accurate
calculation of surface tension forces. The flow front shapes show similar results only betwegeh case
and (d) experimental interface lations Results show that numerical simulations with a single
ramp functional model can successfully predict the moving of the meniscus compared with
experimental measurements.

Figure 10.Filling process for variouk. (a) K is 35°s/m, dsis 80; dy is45°%nd d,cis 1157
(b) Kis 350°s/m, dsis 80?7 di is 45°and dcis 1152 and (c) K is 1050°s/m, dsis 80 di is
45°and d,cis 115°.

(a) (35, 80, 115, 45) (b) (350, 80, 115, 45) (c) (1050 80, 115, 45)

epoese
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Figure 11. Computational results corresponding to experimental measurements.
(@) Kis 0%/m, dsis 1155 dic is 115°%nddcis 1159 (b) Kis 0%/m, dsis 1505 di is 150°and

ducis 1509 and €) K is 5000°s/m, dsis 1155 di is 80°an d d,c is 150°; (d) photographsf a
microchannel device showing liquid filling process.

(@) (0, 115, 115, 115 (b) (0, 150, 150, 150 (c) (500Q 115 150, 80) (d) Experimental result:

1 r | :
2 r .
3 J
4 J
Figure 12. Computational esults corresponding to experimental measurements.
(@) Kis 0°s/m, dsis 30; d is 30°and d,c is 309 (b) K is 0°s/m, dsis 1505 di is 150°and
duc is 1509 (c) K is 5000°s/m, ds is 305 dc is 1 90°and d,c is 1509 (d) photograph®f a
microchamel device showing liquid filling process.
(a) (0, 30, 30, 30) (b) (0, 150, 150, 150 (c) (500Q 30, 15 0 (d) Experimental result:
1
2
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Figure 12.Cont.
o= s -
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In this work, the filling procsses of the liquid in a diskhapedmicrofludic deviceare numerically
studied usingnicrochambes with inlets and outlets fabricated by standard MEMS technolody.ef t
dimensional computational model is proposed to trace thécgyag interface.Threedifferent models
of the contact angle variation with contact line velocity are employed on predictions of the liquid
filling processes. The single ramp model is chosen to prevent addtldfonalcomputational time in
our simulations By utilizing the d/namic contact angle model, the simulations compared with the
previous experimental resu[@7] show a similar trendl'he effect of the parameters of the single ramp
function is demonstrated. The results specify the motion of thdiqgad interface andhe velocity
vectors. Clearly, the wall adhesive conditions and the dumadls of the chamber significantly affect
the shape of the gdisjuid interface during filling, and the variations of the shape also depend on the
Reynolds number and the Weber n@mbFinally, the numerical results are compared with
experimental measurement$he PDMS surface is treatedith the oxygen plasmand the
microstructure is modified to be hydrophilic. Thus flow experiments are conducted into both
hydrophilic and hydrophab PDMS microstructuresthe variant parameters of the functional form of
the dynamic contact angle are investigated even with the experimental surface clearly hydrophobic or
hydrophlic. Under a hydrophobic wall condition, numerical simulations with iredoboundary
conditions of static and dynamic contact angles can successfully predict the moving of the meniscus
compared with experimental measurements. However, for a hydrophilic wall, accurate agreement

between numerical and experimental results is alsvicas the dynamic contact angles
were implemented.

5

5. Conclusions
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