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R d d d d l f th 2D ill filli (Z  E ll t t ith hi h fid lit d l (CFD ACE ) t ll ti  Case 1 {135 90 135} f /• Reduced order model for the 2D capillary filling process (Zeng  Excellent agreement with high fidelity model (CFD ACE+) at all times  Case 1={135 90 135} D fi idth ti W /Wi fl idi l b hi t P i i j ti d d li f th • Reduced order model for the 2D capillary filling process (Zeng  Excellent agreement with high fidelity model (CFD-ACE+) at all times  Case 1={135 90 135 } Define width ratio α = W /Wmicrofluidic lab on a chip systems Precise injection and delivery of the • Reduced order model for the 2D capillary filling process (Zeng,  Excellent agreement with high fidelity model (CFD-ACE+) at all times  Case 1 {135 , 90 , 135 } Define width ratio α = W /Wmicrofluidic lab on a chip systems Precise injection and delivery of the Reduced order model for the 2D capillary filling process (Zeng,  Excellent agreement with high fidelity model (CFD ACE+) at all times  Case 1 {135 , 90 , 135 } Define width ratio α = W2/W1microfluidic lab-on-a-chip systems Precise injection and delivery of the p y g p ( g, g g y ( ) { , , } Define width ratio α W2/W1microfluidic lab on a chip systems. Precise injection and delivery of the g g y ( ) 2 1microfluidic lab on a chip systems. Precise injection and delivery of the
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Li id filli i t i h l ith id ti f th f t i Case 3 {90 180 90};• Liquid filling into microchannels with consideration of the surface tension Case 3={90 180 90};h l idthiti l t f • Liquid filling into microchannels with consideration of the surface tension Case 3={90 180 90 };channel widthscritical to assay performance • Liquid filling into microchannels with consideration of the surface tension Case 3 {90 , 180 , 90 };channel widthscritical to assay performance Ch l L th ( ) Ch l Width I l t V l it C t t A lLiquid filling into microchannels with consideration of the surface tension Case 3 {90 , 180 , 90 };channel widthscritical to assay performance Channel Length (mm) Channel Width Inlet Velocity Contact Angleq g { , , };channel widthscritical to assay performance. Channel Length (mm) Channel Width Inlet Velocity Contact Anglecritical to assay performance. Channel Length (mm) Channel Width Inlet Velocity Contact Angle

ff t (Ki t l J Mi h Mi 2000)  G d t ith l ti <5 4%
y p Channel Length (mm) Channel Width Inlet Velocity Contact Angle

effect (Kim et al J Micromech Microeng 2000)  Good agreement with relative error <5 4% G d t ith l ti l th 4 1 % f f
g ( ) y g

effect (Kim et al J Micromech Microeng 2000)  Good agreement with relative error <5 4% Good agreement with relative error less than 4 1 % Li id filli l th t d d i t f t i effect (Kim et al J Micromech Microeng 2000)  Good agreement with relative error <5.4% Good agreement with relative error less than 4 1 % Liquid filling a complex process that depends on a variety of geometric ( ) ( / ) ( )effect (Kim et al , J. Micromech. Microeng., 2000)  Good agreement with relative error <5.4% Good agreement with relative error less than 4 1 % Liquid filling a complex process that depends on a variety of geometric (µm) (m/s) (o)e ec ( et a , J c o ec c oe g , 000) g Good agreement with relative error less than 4.1 %. Liquid filling a complex process that depends on a variety of geometric, (µm) (m/s) (o)( g ) Good ag ee e t t e at e e o ess t a % Liquid filling a complex process that depends on a variety of geometric, (µm) (m/s) (o)
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(µ ) ( ) ( )e0 e1 e2 Microfluidic network  Branch angle effects are negligible for liquid Li id f t t th id h d h bi h lt i l d ti t ( fl l it / ) d e0 e1 e2 Microfluidic network  Branch angle effects are negligible for liquid Liquid prefers to enter the wide hydrophobic channelsmaterial and operating parameters (e g flow velocity/pressure) and e0 e1 e2 Microfluidic network  Branch angle effects are negligible for liquid Liquid prefers to enter the wide hydrophobic channelsmaterial and operating parameters (e g flow velocity/pressure) and 0 1 2 Microfluidic network  Branch angle effects are negligible for liquid Liquid prefers to enter the wide hydrophobic channelsmaterial and operating parameters (e g flow velocity/pressure) and g g g q Liquid prefers to enter the wide hydrophobic channelsmaterial, and operating parameters (e.g., flow velocity/pressure), and q p y pmaterial, and operating parameters (e.g., flow velocity/pressure), and
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3 6 6 100 0 01 110• Liquid filling in the dispenser and multiplexer (Puntambekar PhD filling3 6 6 100 0 01 110• Liquid filling in the dispenser and multiplexer (Puntambekar PhD fillingi h l t V i ti i th t l d t di ti tl 3 6 6 100 0 01 110• Liquid filling in the dispenser and multiplexer (Puntambekar PhD fillingmicrochannel geometry Variations in these parameters lead to distinctly 3 6 6 100 0.01 110Liquid filling in the dispenser and multiplexer (Puntambekar, PhD. fillingmicrochannel geometry Variations in these parameters lead to distinctly 3 6 6 100 0.01 110qu d g e d spe se a d u p e e ( u ta be a , gmicrochannel geometry. Variations in these parameters lead to distinctly q g p p (microchannel geometry. Variations in these parameters lead to distinctly
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Th i U i it f Ci i ti 2003)Thesis University of Cincinnati 2003)diff t filli b h i i t f filli ti i b bbl t i d d d Thesis University of Cincinnati 2003)different filling behavior in terms of filling time air bubble trapping and dead Thesis, University of Cincinnati ,2003)different filling behavior in terms of filling time air bubble trapping and dead Thesis, University of Cincinnati ,2003)

CFD ACE S t l l S d R l tidifferent filling behavior in terms of filling time air bubble trapping and dead , y , )
CFD ACE+ System level Speedup Relative errordifferent filling behavior in terms of filling time, air bubble trapping, and dead CFD ACE+ System level Speedup Relative errordifferent filling behavior in terms of filling time, air bubble trapping, and dead
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• Selective filling in the microfluidic network using dynamic pressure CFD ACE+ System level Speedup Relative error
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f ti • Selective filling in the microfluidic network using dynamic pressure y p p

zone formation Selective filling in the microfluidic network using dynamic pressure
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Model (%)zone formation.

l l (L l IEEE f 2009) Model (%)t l l (L t l IEEE f 2009) Model (%)control valves (Lee et al IEEE conference 2009) ( )
 I ti ti f li id filli id th l t t d control valves (Lee et al IEEE conference 2009) ( )
 Investigation of liquid filling process can guide the layout arrangement and control valves (Lee et al. IEEE conference 2009) Investigation of liquid filling process can guide the layout arrangement and control valves (Lee et al. IEEE conference 2009) Investigation of liquid filling process can guide the layout arrangement and ( )

1200 0 031 38 000X <5 4 Investigation of liquid filling process can guide the layout arrangement and 1200 sec 0 031 sec 38 000X <5 4 Investigation of liquid filling process can guide the layout arrangement and
Hi h fid lit i l th d (Y t l MSM 1998) 1200 sec 0 031 sec 38 000X <5 4g q g p g y g

• High fidelity numerical methods (Yang et al MSM 1998) 1200 sec 0.031 sec 38,000X <5.4f • High fidelity numerical methods (Yang et al MSM 1998) 1200 sec 0.031  sec 38,000X <5.4t l d l t t li i t t ti l filli bl d hi • High fidelity numerical methods (Yang et al MSM 1998) ,protocol development to eliminate potential filling problems and achieve High fidelity numerical methods (Yang et al. MSM, 1998)protocol development to eliminate potential filling problems and achieve g de ty u e ca et ods ( a g et a S , 998)protocol development to eliminate potential filling problems and achieve g y ( g )protocol development to eliminate potential filling problems and achieve
R d d d d l i i d i i i i

p p p g p
R d d d d l i t i d i i i ti• Reduced order model using a constrained energy minimizationd i d filli d tl d • Reduced order model using a constrained energy minimizationdesired filling and consequently assay speed • Reduced order model using a constrained energy minimizationdesired filling and consequently assay speed Reduced order model using a constrained energy minimizationdesired filling and consequently assay speed g gydesired filling and consequently assay speed.desired filling and consequently assay speed.
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h tapproach (Treise et al Lab chip 2005) snapshotsapproach (Treise et al Lab chip 2005) snapshotsapproach (Treise et al Lab chip 2005) snapshotsapproach (Treise et al. Lab chip 2005) papp oac ( e se et a ab c p 005)pp ( p )

Li it ti f C t N i l M th dLimitation of Current Numerical MethodsLimitation of Current Numerical MethodsLimitation of Current Numerical MethodsLimitation of Current Numerical MethodsLimitation of Current Numerical Methods
S h t h d filli iti i 5 84 Hi h fid lit i l th d hibiti l i l di t Snapshots when edge e filling position is 5 84 mm High fidelity numerical methods are prohibitively expensive leading to Snapshots when edge e filling position is 5 84 mm High fidelity numerical methods are prohibitively expensive leading to Snapshots when edge e1 filling position is 5.84 mm High fidelity numerical methods are prohibitively expensive leading to Snapshots  when edge e1 filling position is  5.84 mm High fidelity numerical methods are prohibitively expensive, leading to p g 1 g pg de ty u e ca et ods a e p o b t e y e pe s e, ead g tog y p y p g

l d i ( l i l d )l t d ti ( l i t t l d )long turnaround time (several minutes to several days)long turnaround time (several minutes to several days)long turnaround time (several minutes to several days). J tilong turnaround time (several minutes to several days). Junction pressureg ( y ) Junction pressureJunction pressure
 Z ’ d d d d l l li t i l 2D i h l

Ju c o p essu e
 Zeng’s reduced order model only applies to a single 2D microchannel or Zeng s reduced order model only applies to a single 2D microchannel or Zeng s reduced order model only applies to a single 2D microchannel or Zeng s reduced order model only applies to a single 2D microchannel ore g s educed o de ode o y app es to a s g e c oc a e o
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Y junction channel with three System levelill Y junction channel with three System levelill Y-junction channel with three System-levelcapillary Ed
Y junction channel with three System level capillary Edge e

j ycapillary. Edge e
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p y Edge e0 sets of branch angles representationg 0 sets of branch angles representation Th t i d i i i ti h t di t th li id sets of branch angles representation The constrained energy minimization approach cannot predict the liquid sets of branch angles representation The constrained energy minimization approach cannot predict the liquid g p The constrained energy minimization approach cannot predict the liquid The constrained energy minimization approach cannot predict the liquide co st a ed e e gy at o app oac ca ot p ed ct t e qu dgy pp p q
filli i h i h k d h l k ffilli ti t h t i th t k d t th l k f tfilling time at each component in the network due to the lack of componentfilling time at each component in the network due to the lack of component-filling time at each component in the network due to the lack of component-filling time at each component in the network due to the lack of componentg p p

i fl id d i d i ti hi h h i f i t fLi id filli i di d lti lLi id filli i i h l wise fluid dynamic description which however is of more importance fromLiquid filling in dispensers and multiplexersLiquid filling in microchannels wise fluid dynamic description which however is of more importance fromLiquid filling in dispensers and multiplexersLiquid filling in microchannels wise fluid dynamic description which however is of more importance fromLiquid filling in dispensers and multiplexersLiquid filling in microchannels wise fluid dynamic description, which however is of more importance fromLiquid filling in dispensers and multiplexersLiquid filling in microchannels se u d dy a c desc pt o , c o e e s o o e po ta ce oq g p pq g y p p
h hi d i ith hi d i tithe chip design perspectivethe chip design perspectivethe chip design perspective.the chip design perspective.p g p p

R h Obj tiResearch ObjectiveResearch ObjectiveResearch ObjectiveResearch ObjectiveResearch Objectivej
Th ll bj ti f k i t d l t l l d lThe overall objective of our work is to develop a system level modelThe overall objective of our work is to develop a system-level modelThe overall objective of our work is to develop a system-level modelThe overall objective of our work is to develop a system level modelj p yj p y

d i l ti f k f i ti ti th li id filliand sim lation frame ork for in estigating the liq id filling process Ed Edge eand simulation framework for investigating the liquid filling process Edge e Edge eand simulation framework for investigating the liquid filling process Edge e1 Edge e2and simulation framework for investigating the liquid filling process Edge e1 Edge e2and simulation framework for investigating the liquid filling process Edge e1 g 2g g q g p g 1

(i l di th filli ti filli tt / t t fl l it /(including the filling time filling pattern/status flow velocity/pressure(including the filling time filling pattern/status flow velocity/pressure(including the filling time, filling pattern/status, flow velocity/pressure(including the filling time, filling pattern/status, flow velocity/pressure( g g , g p , y p( g g g p y p
t ) i l i fl idi t k ith d f it d detc ) in comple microfl idic net orks ith order of magnit de speed petc ) in complex microfluidic networks with order of magnitude speedupetc ) in complex microfluidic networks with order-of-magnitude speedupS l ti li id filli i l i fl idi etc.) in complex microfluidic networks with order-of-magnitude speedupSelective liquid filling in complex microfluidic etc.) in complex microfluidic networks with order of magnitude speedupSelective liquid filling in complex microfluidic ) p g p pSelective liquid filling in complex microfluidicSelective liquid filling in complex microfluidic 
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over the high fidelity simulations and without appreciably compromisingt k i d i t l l over the high-fidelity simulations and without appreciably compromisingnetworks using dynamic pressure control valves over the high-fidelity simulations and without appreciably compromisingnetworks using dynamic pressure control valves over the high fidelity simulations and without appreciably compromisingnetworks using dynamic pressure control valves g y pp y p gnetworks using dynamic pressure control valves CFD ACE+ S t l l M d l S d R l ti (%)
g y pp y p gg y p CFD ACE+ System level Model Speedup Relative error (%)l i CFD-ACE+ System-level Model Speedup Relative error (%)anal sis acc rac CFD ACE+ System level Model Speedup Relative error (%)analysis accuracy CFD ACE System level Model Speedup Relative error (%)analysis accuracy y p p ( )analysis accuracy.analysis accuracy.y y

183600 0 39 470 000X <6 f f f183600 sec 0 39 sec 470 000X <6 Th filli ti h d i f ll fill d183600 sec 0 39 sec 470 000X <6 Th filli ti t th dThe filling time when edge e is fully filled183600 sec 0.39 sec 470,000X <6 The filling time at the nodesThe filling time when edge e1 is fully filled183600 sec 0.39  sec 470,000X <6 The filling time at the nodesThe filling time when edge e1 is fully filled, The filling time at the nodesThe filling time when edge e1 is fully filled The filling time at the nodesg g 1  y g

S h ti R t tiS h ti R t tiSchematic RepresentationSchematic RepresentationSchematic RepresentationSchematic RepresentationSchematic RepresentationSchematic RepresentationSchematic RepresentationSchematic Representation  pp
Li id Filli i Ab t St tLiquid Filling in Abrupt StructuresLiquid Filling in Abrupt StructuresLiquid Filling in Abrupt StructuresLiquid Filling in Abrupt StructuresLiquid Filling in Abrupt StructuresLiquid Filling in Abrupt Structuresq g pq g p

Th diff t b t t tThree different abrupt structuresThree different abrupt structuresThree different abrupt structuresThree different abrupt structuresee d e e t ab upt st uctu es
Ch l L th ( ) 400

p
 S Channel Length (µm) 400 S t l l M d l R t ti Channel Length (µm) 400 Sh t l Ch b  System level Model Representation Channel Length (µm) 400 Sharp rectangle Chamber  System-level Model Representation Channel Length (µm) 400

P i i l  Sharp-rectangle Chamber  System-level Model Representation g (µ )
Principle  Sharp-rectangle Chamber  System level Model RepresentationPrinciple  Sharp rectangle Chamber y pPrinciple p gPrinciple 50Principle e 50p e0 50e0 50
 Mi fl idi t k i d f t f t d

e0 50
 Microfluidic network is composed of a set of connected 0 Microfluidic network is composed of a set of connected e e Ch l Wid h ( ) Microfluidic network is composed of a set of connected e e Ch l Width ( ) Microfluidic network is composed of a set of connected e0 e1 e Channel Width (µm) 200

c o u d c e o s co posed o a se o co ec ed e0 e1 e Channel Width (µm) e 200
p e0 e1 e2 Channel Width (µm) e 200( i h l d j i )

0 1 e2 Channel Width (µm) e1 200t ( i h l d j ti ) N 2 (µ ) e1 200components (e g microchannels and junctions) N 2
N

e1 00components (e g microchannels and junctions) N N 1components (e.g., microchannels and junctions) N0 Ncomponents (e.g., microchannels and junctions) N0 N3
p ( g , j ) 0 N333

50N N e 50N N e2 50N N e2 50N1 N2
e2 50N1 N2 21 2

 E h i di id l i h l i d b d ( ) d
1 2

 E h i di id l i h l i t d b d ( ) d I l V l i ( / ) 0 01 Each individual microchannel is represented by an edge (e ) and Inlet Velocit (m/s) 0 01 Each individual microchannel is represented by an edge (e ) and Inlet Velocity (m/s) 0 01 Each individual microchannel is represented by an edge (ei) and Inlet Velocity (m/s) 0 01 Each individual microchannel is represented by an edge (ei) and Inlet Velocity (m/s) 0.01p y g ( i) Inlet Velocity (m/s) 0.01y ( )
th ti ll d ib d bmathematically described bymathematically described by C t t A l ( ) 110mathematically described by Contact Angle (o) 110mathematically described by Contact Angle (o) 110a e a ca y desc bed by

 H Ch b Contact Angle (o) 110y y
 Hexagon Chamber Contact Angle ( ) 110

G i ( h h l h id h h i h )  Hexagon Chamber g ( )
G t i t ( h th l th idth h i ht)  Hexagon Chamber

 R lt l i• Geometric parameters (such as the length width height)  Hexagon Chamber
 Res lt anal sis• Geometric parameters (such as the length width height) g
 Result analysis:• Geometric parameters (such as the length, width, height)  Result analysis:Geometric parameters (such as the length, width, height)  Result analysis:p ( g , , g )  Result analysis:y

S f ti ( h th t t l )• Surface properties (such as the contact angle) G d t ith th l ti <4%• Surface properties (such as the contact angle) • Good agreement with the relative error <4%• Surface properties (such as the contact angle) • Good agreement with the relative error <4%Surface properties (such as the contact angle) • Good agreement with the relative error <4%Su ace p ope es (suc as e co ac a g e) Good agreement with the relative error <4%.p p ( g ) gg
Th filli ti t th d (j ti ) l t i d d t fThe filling times at the nodes (j nctions) are almost independent of• The filling times at the nodes (junctions) are almost independent of• The filling times at the nodes (junctions) are almost independent ofThe filling times at the nodes (junctions) are almost independent ofThe filling times at the nodes (junctions) are almost independent ofg (j ) p

 E h j ti i t d b d (N ) d t t d i t Each junction is represented by a node (N ) and treated as a point th h Each junction is represented by a node (N ) and treated as a point the shapes Each junction is represented by a node (Ni) and treated as a point the shapes Each junction is represented by a node (Ni) and treated as a point the shapesac ju c o s ep ese ed by a ode ( i) a d ea ed as a po the shapesj p y ( i) p p
i b h d d d

p
ti b t th t d d t d Th di ith t iti i t t l t l fill d b t llconnection between the upstream and downstream edges The dispenser ith transitioning str ct res are completel filled b t smallconnection between the upstream and downstream edges • The dispenser with transitioning structures are completely filled but smallconnection between the upstream and downstream edges. • The dispenser with transitioning structures are completely filled but smallconnection between the upstream and downstream edges. The dispenser with transitioning structures are completely filled, but smallp g The dispenser with transitioning structures are completely filled, but smallp g p y ,

 R d d t l i b bbl t d t th i th h t l Rounded rectangle air bubbles were trapped at the corner in the sharp rectangle Rounded-rectangle air bubbles were trapped at the corner in the sharp-rectangle Rounded-rectangle air bubbles were trapped at the corner in the sharp-rectangle Rounded rectangle air bubbles were trapped at the corner in the sharp rectangleg pp p g
 Th i l d l l d i l d hi h

g pp p g
 Th i l t d tl t l t t d i l d hi h di The inlet and outlet are also treated as special nodes which are dispenser The inlet and outlet are also treated as special nodes which are dispenser The inlet and outlet are also treated as special nodes, which are dispenser The inlet and outlet are also treated as special nodes, which are dispenserp , dispenserp

l t d t th d t d th t d A i l i f idi litt ( ) th h i l d l (b) t l l d lonly connected to the downstream edge or the upstream edge A simple microfuidic splitter : (a) the physical model (b) system level modelonly connected to the downstream edge or the upstream edge A simple microfuidic splitter : (a) the physical model (b) system-level modelonly connected to the downstream edge or the upstream edge A simple microfuidic splitter : (a) the physical model (b) system-level modelonly connected to the downstream edge or the upstream edge,
CFD ACE S t l l M d l S d R l ti E (%)

A simple microfuidic splitter : (a) the physical model (b) system level model o y co ec ed o e do s ea edge o e ups ea edge,
CFD ACE+ System level Model Speedup Relative Error (%)

p p ( ) p y ( ) yy g p g
CFD ACE+ System level Model Speedup Relative Error (%)i l CFD-ACE+ System-level Model Speedup Relative Error (%)t titi l CFD ACE+ System level Model Speedup Relative Error (%)representationrespectively Th filli ti t th d
C C Sys e e e ode Speedup e a e o (%)representationrespectively The filling time at the nodes

y p p ( )representationrespectively. The filling time at the nodesrepresentation respectively. The filling time at the nodespp y The filling time at the nodes7200 0 047 150 000X 4 e g e a e odes7200 sec 0 047 sec 150 000X <4 g7200 sec 0 047 sec 150 000X <47200 sec 0 047 sec 150,000X <47200 sec 0.047  sec 150,000X <4,

C t ti l M d lC t ti l M d lC t ti l M d l fComputational Model Li id Filli i Mi fl idi M lti lComputational Model Liquid Filling in Microfluidic MultiplexersComputational Model Liquid Filling in Microfluidic MultiplexersComputational Model Liquid Filling in Microfluidic MultiplexersComputational Model Liquid Filling in Microfluidic MultiplexersComputational Model Liquid Filling in Microfluidic MultiplexersT ti Mi fl idi M lti lComputational Model Liquid Filling in Microfluidic MultiplexersTwo tier Microfluidic Multiplexerp q g pTwo tier Microfluidic Multiplexerp q g pTwo-tier Microfluidic Multiplexerp Two-tier Microfluidic MultiplexerTwo tier Microfluidic Multiplexerp
 B th 2D (i H W) d 3D (H 100 ) i l ti d t k Both 2D (i e H>>W) and 3D (H 100 µm) simulation were undertaken Both 2D (i e H>>W) and 3D (H = 100 µm) simulation were undertaken Both 2D (i e H>>W) and 3D (H = 100 µm) simulation were undertaken Both 2D (i.e., H>>W) and 3D (H 100 µm) simulation were undertaken. Both 2D (i.e., H W) and 3D (H 100 µm) simulation were undertaken.( , ) ( µ )
 G d t ith th l ti 4% f b th 2D d 3D Good agreement with the relative error <4% for both 2D and 3D cases Good agreement with the relative error <4% for both 2D and 3D cases Good agreement with the relative error <4% for both 2D and 3D casesC t M d l  Good agreement with the relative error <4% for both 2D and 3D casesComponent Model S i M d l

Good ag ee e t t t e e at e e o % o bot a d 3 casesComponent Model S t ti M d l
gComponent Model Systematic Model  Th i l i h l d N d N h l d 30 60%Component Model Systematic Model  Th i l ti t th tl t d N d N th l t d 30 60%Component Model Systematic Model  The arrival time to the outlet node N and N are the longest and are 30 60%p Systematic Model  The arrival time to the outlet node N and N are the longest and are 3060%y  The arrival time to the outlet node N14 and N15 are the longest, and are 3060%

 A ti
y  The arrival time to the outlet node N14 and N15 are the longest, and are 30 60%

 Assumptions:  Li id fl i d i i d j f i f
14 15 g ,

 Assumptions:  Li id fl t i d iti d j f ti f
14 15 Assumptions:  Liquid flows entering and exiting node j are a function of pressures th th th t tl t d (N d N ) Assumptions:  Liquid flows entering and exiting node j are a function of pressures more than the other two outlet nodes (N and N )p  Liquid flows entering and exiting node j are a function of pressures more than the other two outlet nodes (N and N )p  Liquid flows entering and exiting node j are a function of pressures more than the other two outlet nodes (N16 and N17)Th fl i f ll d l d (th t i t th h l i l t i

q g g j p more than the other two outlet nodes (N16 and N17).Th fl i f ll d l d (th t i t th h l i l t i
o e t a t e ot e t o out et odes ( 16 a d 17)• The flow is fully developed (the entry region at the channel inlet is th di d d li k d

( 16 17)• The flow is fully developed (the entry region at the channel inlet is across the surrounding edges and are linked  Th i li id filli i b h h l d b h b iThe flow is fully developed (the entry region at the channel inlet is across the surrounding edges and are linked  Th t i li id filli i b h h l d b th b t t iThe flow is fully developed (the entry region at the channel inlet is across the surrounding edges and are linked  The asymmetric liquid filling in branch channels caused by the abrupt geometriesy p ( y g across the surrounding edges and are linked  The asymmetric liquid filling in branch channels caused by the abrupt geometriesg g  The asymmetric liquid filling in branch channels caused by the abrupt geometries
l t d)

g g  The asymmetric liquid filling in branch channels caused by the abrupt geometries
neglected) M N

y q g y p g
neglected) M Nneglected) M N i th 2D i ti bl th th 3D d t th i t d ti f thneglected) M N in the 2D case is more noticeable than the 3D case due to the introduction of theg )

     in the 2D case is more noticeable than the 3D case due to the introduction of theg )
   j in out j in out  in the 2D case is more noticeable than the 3D case due to the introduction of the

Th d l d t t k i t t th f ti d     0j in out j in outQ P P Q P P  in the 2D case is more noticeable than the 3D case due to the introduction of the
Th d l d t t k i t t th f ti d     0j in out j in outQ P P Q P P  t e case s o e ot ceab e t a t e 3 case due to t e t oduct o o t e

• The model does not take into account the formation and     0j jQ P P Q P P    • The model does not take into account the formation and     0Q P P Q P P   ill f i h 3 d di iThe model does not take into account the formation and     0m m m n n nQ P P Q P P  ill f i th 3rd di iThe model does not take into account the formation and    m m m n n nQ Q  capillary force in the 3rd dimension   m m m n n n  capillary force in the 3rd dimension     capillary force in the 3 dimension.
t t ti f i l i th i fl idi t k 1 1

capillary force in the 3 dimension.
transportation of air plug in the microfluidic networks 1 1m n 

p y
transportation of air plug in the microfluidic networks 1 1m n transportation of air plug in the microfluidic networks 1 1m ntransportation of air plug in the microfluidic networks.p p gp p g

 Mi h l Mi h l Microchannels  Fl idi t d filli ti t th tl t f th t d i Microchannels  Fluidic parameters and filling time at the outlet of the upstream edge is Microchannels  Fluidic parameters and filling time at the outlet of the upstream edge is Microchannels  Fluidic parameters and filling time at the outlet of the upstream edge is Fluidic parameters and filling time at the outlet of the upstream edge isp g p g
Th h i l d l

p g p g
• The physical model l h h i l f h d d i h d• The physical model t l t th t t th i l t f th d t d i h d• The physical model set equal to that at the inlet of the downstream edge via each nodeThe physical model set equal to that at the inlet of the downstream edge via each nodep y set equal to that at the inlet of the downstream edge via each nodep y set equal to that at the inlet of the downstream edge via each nodeq g

 E ti i li d t h d i ldi t f l b i ti Equation is applied to each node yielding a set of algebraic equations Equation is applied to each node yielding a set of algebraic equations Equation is applied to each node yielding a set of algebraic equations Equation is applied to each node yielding a set of algebraic equationsq pp y g g qq pp y g g q
f h kf th t kfor the networkfor the networkfor the network.for the network.

 T t i l it t d t t k th ti f th Two steps are recursively iterated to track the propagation of the Two steps are recursively iterated to track the propagation of the Two steps are recursively iterated to track the propagation of the Two steps are recursively iterated to track the propagation of thep y p p gp y p p g
li id f i h d d d h dli id f t i th d d d t t th dliquid front s in the edges and update pressures at the nodesliquid front s in the edges and update pressures at the nodes 2D h l t k 3D h l t kliquid front s in the edges and update pressures at the nodes 2D channel network 3D channel networkliquid front s in the edges and update pressures at the nodes 2D channel network 3D channel networkq g p p 2D channel network 3D channel network2D channel network 3D channel network

CFD ACE S t l l M d l S d R l ti E (%)CFD ACE+ System level Model Speedup Relative Error (%)CFD ACE+ System level Model Speedup Relative Error (%)CFD-ACE+ System-level Model Speedup Relative Error (%)CFD ACE+ System level Model Speedup Relative Error (%)y p p (%)y p p ( )
2D 42900 (11 h 55 i ) 0 235 180 000X 42D 42900 sec (11 hour 55min) 0 235 sec 180 000X <42D 42900 sec (11 hour 55min) 0 235 sec 180 000X <42D 42900 sec (11 hour 55min) 0 235 sec 180,000X <42D 42900 sec (11 hour 55min) 0.235 sec 180,000X <4( ) ,
3D 864000 ( b t 10 d ) 0 203 4200 000X <43D 864000 sec (about 10 days) 0 203 sec 4200 000X <43D 864000 sec (about 10 days) 0 203 sec 4200 000X <43D 864000 sec (about 10 days) 0.203 sec 4200,000X <43D 864000 sec (about 10 days) 0.203 sec 4200,000X 4( y ) ,

Th h i l d l S t l l t tiThe physical model System level representationThe physical model System level representationThe physical model System-level representationThe physical model System level representationp y y p
Li id filli t t id ti ll fill d f ll fill d

y p
Li id filli t t id ti ll fill d f ll fill d• Liquid filling status: void partially filled fully filled• Liquid filling status: void partially-filled fully-filledLiquid filling status: void, partially filled, fully filledLiquid filling status: void, partially filled, fully filledq g , p y , y
G i ti• Governing equations:• Governing equations:• Governing equations: 2 2Governing equations: 2 2g q 2 2 1 P  

g q 2 2 1 P  2 2 1u u P  1u u P  1u u P  1u u P  
Si lifi d N S E i C l i Si lifi d N S E ti C l i  Simplified N S Equation Conclusions2 2 Simplified N-S Equation Conclusions2 2Simplified N-S Equation Conclusions2 2  

Simplified N S Equation Conclusions2 2 x  
p q Conclusions2 2 xy z    Conclusionsxy z    Conclusionsxy z    Conclusions xy z   y y

Filli t t Li id l th (l) B l E tiFilling status Liquid length (l) Balance EquationFilling status Liquid length (l) Balance EquationFilling status Liquid length (l) Balance EquationFilling status Liquid length (l) Balance EquationFilling status Liquid length (l) Balance Equationg q g ( ) q
C l iConclusionsConclusions0P P ConclusionsV id l 0 0P P ConclusionsVoid l 0 0P P  ConclusionsVoid l = 0 0P P Void l = 0 0iP P Void l 0 0in outP P
 O d d d li id filli d l i lid t d i t hi h fid lit t ti i i t f i fl idi t t (i l di t i b hi h l ith i j ti hVoid l  0 in out  Our reduced order liquid filling model is validated against high fidelity computations in a variety of microfluidic constructs (including symmetric branching channels with various junction shapesin out  Our reduced order liquid filling model is validated against high fidelity computations in a variety of microfluidic constructs (including symmetric branching channels with various junction shapes Our reduced order liquid filling model is validated against high-fidelity computations in a variety of microfluidic constructs (including symmetric branching channels with various junction shapes Our reduced order liquid filling model is validated against high fidelity computations in a variety of microfluidic constructs (including symmetric branching channels with various junction shapes, Our reduced order liquid filling model is validated against high fidelity computations in a variety of microfluidic constructs (including symmetric branching channels with various junction shapes, q g g g y p y ( g y g j p

12 l dl12 l dl t i b hi h l d b t ti h l ) d l i fl idi t k ( lti l )12 l dl asymmetric branching channels and abrupt cross section channels) and complex microfluidic networks (e g multiplexer)    12 l dl  asymmetric branching channels and abrupt cross-section channels) and complex microfluidic networks (e g multiplexer)P ti ll fill d 0< l < L     122 1 0l dlP P W    asymmetric branching channels, and abrupt cross-section channels) and complex microfluidic networks (e.g., multiplexer).Partially filled 0< l < L    2 1 0cos P P W      asymmetric branching channels, and abrupt cross section channels) and complex microfluidic networks (e.g., multiplexer). Partially-filled 0< l < L    2 1 0icos P P W        y g , p ) p ( g , p )Partially-filled 0< l < L    2 1 0in outcos P P W   Partially filled 0< l < L    in out W dt


 Th t l l d l d t t d f it d d (30 000X 4 000 000X) th hi h fid lit i l ti l ith d t (th t l ti l th 6%)
y    in out W dt  The system level model demonstrates order of magnitude speedup (30 000X 4 000 000X) over the high fidelity simulation along with good agreement (the worst relative error less than 6%)
y W dt  The system level model demonstrates order of magnitude speedup (30 000X 4 000 000X) over the high fidelity simulation along with good agreement (the worst relative error less than 6%)W dt  The system-level model demonstrates order-of-magnitude speedup (30 000X – 4 000 000X) over the high-fidelity simulation along with good agreement (the worst relative error less than 6%)W dt  The system level model demonstrates order of magnitude speedup (30,000X 4,000,000X) over the high fidelity simulation along with good agreement (the worst relative error less than 6%).  The system level model demonstrates order of magnitude speedup (30,000X 4,000,000X) over the high fidelity simulation along with good agreement (the worst relative error less than 6%). y g p p ( , , , ) g y g g g ( )

1212 L  Th t i l i i i i fl idi t t id l k fi di th t b l it d f ti l hi d i12 L  The parametric analysis in various microfluidic structures provides several key findings that can be exploited for practical chip design: 12 L  The parametric analysis in various microfluidic structures provides several key findings that can be exploited for practical chip design:F ll fill d l L  12 0LU P P W  The parametric analysis in various microfluidic structures provides several key findings that can be exploited for practical chip design:F ll fill d l L   0U P P W  The parametric analysis in various microfluidic structures provides several key findings that can be exploited for practical chip design:Fully filled l=L   0U P P W   p y p y g p p p gFully-filled l=L   0in outU P P W Fully filled l=L   0in outU P P W
W Th filli i i t ll i d d t f th b h lFully filled l L  in outW The filling process is virtually independent of the branch anglesy W • The filling process is virtually independent of the branch anglesW • The filling process is virtually independent of the branch anglesW The filling process is virtually independent of the branch angles The filling process is virtually independent of the branch anglesg p y p g

Th h l idth h i ifi t i t li id filli Li id t d t t th h d h bi ( h d hili ) h l ith ll ( l ) f t l ti Th f h l ith• The channel width has significant impact on liquid filling Liquid tends to enter the hydrophobic (or hydrophilic) channels with small (or large) surface to volume ratios Therefore channels with• The channel width has significant impact on liquid filling Liquid tends to enter the hydrophobic (or hydrophilic) channels with small (or large) surface-to-volume ratios Therefore channels with• The channel width has significant impact on liquid filling. Liquid tends to enter the hydrophobic (or hydrophilic) channels with small (or large) surface-to-volume ratios. Therefore, channels withThe channel width has significant impact on liquid filling. Liquid tends to enter the hydrophobic (or hydrophilic) channels with small (or large) surface to volume ratios. Therefore, channels withg p q g q y p ( y p ) ( g ) ,
 J ti Junctions di ti tl diff t i h ld b i t d if h li id filli i d i d Junctions distinctly different sizes should be circumvented if homogeneous liquid filling is desired Junctions distinctly different sizes should be circumvented if homogeneous liquid filling is desired Junctions distinctly different sizes should be circumvented if homogeneous liquid filling is desireddistinctly different sizes should be circumvented if homogeneous liquid filling is desired.distinctly different sizes should be circumvented if homogeneous liquid filling is desired.

Filli t t id fill d
y g q g

Filli t t id fill d• Filling status: void filled D it it i i t filli ti th b t f t i i fl idi t t t i b bbl d j di th f ti lit f th hi d h h ld b i i i d• Filling status: void filled • Despite its minor impact on filling time the abrupt features in microfluidic structures may trap air bubbles and jeopardize the functionality of the chip and hence should be minimizedFilling status: void, filled • Despite its minor impact on filling time the abrupt features in microfluidic structures may trap air bubbles and jeopardize the functionality of the chip and hence should be minimizedFilling status: void, filled • Despite its minor impact on filling time, the abrupt features in microfluidic structures may trap air bubbles and jeopardize the functionality of the chip, and hence, should be minimized.g , Despite its minor impact on filling time, the abrupt features in microfluidic structures may trap air bubbles and jeopardize the functionality of the chip, and hence, should be minimized.p p g , p y p j p y p, ,
D di th li ti l l i ti i t ( t i h ) f ti b l it d t i l i l t li id filli ( t d i d iti d ti )Depending on the application local variations in geometry (e g asymmetric shapes) or surface properties can be exploited to precisely manipulate liquid filling (at desired positions and times)• Depending on the application local variations in geometry (e g asymmetric shapes) or surface properties can be exploited to precisely manipulate liquid filling (at desired positions and times)• Depending on the application local variations in geometry (e g asymmetric shapes) or surface properties can be exploited to precisely manipulate liquid filling (at desired positions and times)Depending on the application, local variations in geometry (e.g., asymmetric shapes) or surface properties can be exploited to precisely manipulate liquid filling (at desired positions and times).Depending on the application, local variations in geometry (e.g., asymmetric shapes) or surface properties can be exploited to precisely manipulate liquid filling (at desired positions and times).

G i ti
p g pp g y ( g y p ) p p p p y p q g ( p )

G i ti• Governing equation:• Governing equation:Governing equation:Governing equation:g q
M N F t Eff tM N Future EffortsM N Future EffortsM N Future EffortsM N Future Efforts
 

Future Efforts
j j  0j jQ Q  0j jQ Q  M d l t i t t f ki ti f th i l t d h ( h i b bbl t i d ti ) d i t ti f th d l ith t l l i fl idi d i t l0j jQ Q  Model extension to account for kinematics of the isolated gas phase (such as air bubble trapping and propagation) and integration of the model with our system level microfluidic design tool0j jQ Q   Model extension to account for kinematics of the isolated gas phase (such as air bubble trapping and propagation) and integration of the model with our system level microfluidic design tool0Q Q   Model extension to account for kinematics of the isolated gas phase (such as air bubble trapping and propagation) and integration of the model with our system-level microfluidic design tool0m nQ Q  Model extension to account for kinematics of the isolated gas phase (such as air bubble trapping and propagation) and integration of the model with our system level microfluidic design tool 0m nQ Q  Model extension to account for kinematics of the isolated gas phase (such as air bubble trapping and propagation) and integration of the model with our system level microfluidic design toolm nQ Q  g p ( pp g p p g ) g y gm n  
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