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Research Overview

This report serves as the final summary of our research under the FlumeCAD program as part of the
Composite CAD Program. In this report we will discuss the proposed objectives of the FlumeCAD
program and the accomplishments over the course of the program.

Program Summary

The goal of the FlumeCAD project is to create a CAD system to allow start-to-finish design of a broad
class of Microchemical Fluidic Systems. This requires the capability for full simulation of the microfluidic
molecular system (Microflume) systems at a time domain system level and tools for optimizing and
programming designs. Typical microchemical systems comprise of both active and passive components.
Examples of active components include switches, injectors, reaction wells etc. Passive components, on the
other hand, are the wires connecting the active components to create the entire device. At Coventor, we
have undertaken the task of providing the design capability for the entire system. The first part of this
program was the NetFlow project, previously completed under DARPA funding. The NetFlow program
was aimed at developing the capability to model the diverse transport phenomena that are present in
microchemical systems — these include pressure driven, electrokinetic and diffusive transport. The
FlumeCAD program extends this toolkit to include the simulation of the active components as well as
provide the capability to extract behavioral models for the individual components. Tools for simulating the
entire device at the full time domain system level are also part of this program.

The overall program summary is as follows:

e  All milestones originally set forth in the program have been met. Some of the
tasks were completed well ahead of schedule, whereas some others were delayed for various
reasons, but we were able to accommodate the delays by faster progress in other areas.

e The FlumeCAD software has been released commercially. Four versions of the
software were released during the course of this program — each version added
new functionality and enhanced existing functionality based on user feedback
and program milestones. Additionally a newer version has been released in Q1
2001, after the completion of the program. Future releases are planned in the
next several years. The software is available on Sun, HP, SGI and Windows
NT Platforms. The User’s Guide and Reference Manuals give much more
details about the software and its use.

e The FlumeCAD tool set allows start-to-finish design of the entire
microchemical device. This includes:

o  Enhancements to the layout generator to support fluidic devices. This
includes support for curves, layout generators for characteristic geometries
relevant to microchemical devices and interoperability with
a wide variety of standards.

o Mesh Generation for isotropically etched cross sections as is typical of
these devices. Additionally mesh generation for circular and
trapezoidal cross sections is also supported at FlumeCAD user request.

o A setof solvers for active component modeling including switching,
injection, reactions etc. Passive component modeling is also
incorporated within the FlumeCAD suite and was developed under
NetFlow.

o FlowMM, an extraction tool for extracting behavioral models for flow
resistance and inertance through microchannels. This is since been
expanded to other models as well.



o FlowLib, a library of parameterized components for time-domain

system simulation of microchemical devices. This includes

transport components, mechanical actuators, electrokinetic

injection and switching components as well as several other

components relevant to typical devices.
The software tools are in continued development with additional releases planned for the next
several years. Current users include both industrial and academic groups.
Experimental support for the program was provided by Caliper Technologies and the University
of Washington. Caliper provided Coventor with data from electrokinetic experiments, including
switching, dispensing, converters and reaction experiments. UW provided Coventor with data
from the no-moving-parts valve driven pump and shared data about an H-filter from an associated
group. In addition, Coventor obtained validation data from Harvard, Gamera Biosciences,
Berkeley, Stanford and several other groups to assist in our development.
FlumeCAD has been applied in predictive design of electrokinetic components that have
subsequently been validated experimentally. In each case, the component behavior was
significantly enhanced after the CAD design. To our knowledge, this is the first example of the
successful application of CAD tools in this area.
Data analysis tools were developed in the program to enable the validation of simulation and
experimental results. These tools are available as part of the software.
Several research publications and presentations have emerged over the course of this program.
This includes papers at uTAS, Hilton Head and MEMS. A complete list including copies of
papers is attached in Appendix 1.
FlumeCAD use in component and system design was referenced in 13 papers at pyTAS 2000.



Section 1: Introduction

Overview

The libraries have been developed to allow system level designers to incorporate MEMS (Micro Electrical
Mechanical Systems) into their design using a top-down system level approach. Use of the models supplied
with these libraries enables system designers to simulate and rapidly evaluate multiple options and feed
highly accurate behavioral models to the device designer. The behavioral models describe building blocks
for a MEMS device. A designer using the behavioral models need not start from scratch by designing and
modeling every element of the MEMS device. The use of these models provides a top-down method to
design a MEMS device much faster and more reliably than using a bottom-up detailed device model and
analysis. For example, the results of a benchmark design effort comparing the time required for a top-down
design with the time required for a bottom-up design showed a time savings of nearly 4 weeks for the same
device. Depending on the complexity of the design, the time savings could be even greater. Furthermore,
the number of prototyping cycles needed to complete the product design could be reduced, as the system
model analyzes a much more detailed, complex behavior than even the most extensive FEM analysis could.
Finally, in addition to productivity gains resulting from the time savings, the top-down approach reduces
personnel training requirements because system designers will not be required to be MEMS design experts.
The following table shows the libraries available and their respective documentation.

Library Document Title Deseription Section

Electromechomicn] | Behavsoml Models for Electromechanicnl Intraduction 1
Sumulairon

Mlode] Diesen il iom 2

Tutorial

lf:lplw-‘ Behaviorml Maodels Tor !Ipliru'l Simulaison Intraduction 1

Maodel Deseription and | 2
|:'.Z\{:|:||'||'l| ]

Flodies Behaviornl Models for Microfluidics Intraduction 1
Semulmiaon

Maode] Diescription 2

I ul i'\ll'iill ‘&

1.1: Fluidics Model Library

The library consists of four channels (Straight Channel, Elbow, U-Bend, and a Right Angle channel),
Meander, Reservoir, Diodic Valve, FlowMM resistor, Low Reynolds number Orifice, Piston, Meniscus,
and ES (electrostatic) actuator. The ES actuator has a voltage as input and displacement as output. The
Piston ports correspond to displacement and pressure difference. This allows the user to analyze networks
of channels orders of magnitude faster than full 3-D simulation.



Section 2: Model Description

2.1: Overview

Modeling fluidic systems is analogous to modeling electrical circuits. In electrical circuits, current flows
through an element when voltage is applied. For example, an electrical resistor performs according to
Ohm’s law: V = IR, where V is the voltage difference, I is the current, and R is the resistance. In this sense,
we say that the “across” variable is voltage and the “through” variable is the flow rate. An example is a
pipe in a home plumbing system that may have water flowing through it at some rate. The rate is
determined by the pressure within the municipal water main. The pipe itself has some resistance (R), which
can be determined with the formula P = QR where the pressure drop (P) and the flow rate (Q) are known.
Fluid resistance is illustrated by the difference of effort required to drink a milk shake or water through a
straw. In this example, the resistance to flow can be reduced when a straw with a larger diameter is used.
The home plumbing system can be drawn as a network of fluid resistors with each having an R value
determined by its diameter and curvature (or angle). Abstracting a three-dimensional home plumbing
network as a circuit of resistors illustrates the basic concept of system modeling for fluidic networks.

A fluidic network can be composed of several different elements connected by wires. The wires represent a
connection between the elements that communicates only the P and Q values. Each element behaves with a
certain relationship between P and Q, and the system as a whole is solved so every wire between elements
has a net flow in equal to the net flow out, which in electrical circuits is called Kirchoff’s Law. For
example, flow that enters the bottom of a T-junction can go out the top either to the left or the right. The
sum of the flows through the arms must equal the flow entering the bottom. In system modeling, a
connection of wires like this is referred to as a node. The solution to the system is found when all nodes
have a sum of flows equal to zero. Basically, the system can be as complicated as desired, but in the end
elements are only plugged into adjacent elements.

A great deal of experience in analyzing circuits has been gained by electrical circuit designers. Because of
their analogous natures, the same principles can be directly applied to fluidic networks. Systems can be
analyzed for steady state solutions (DC Operating Point), flows that change in time (Transient analysis),
resonances (AC analysis), loops through a range of element properties and a host of other useful analyses.
The analysis output is a graphical tool that shows signals versus time. Post-processing of the signals allows
the user to seek whatever useful information is desired.

The greatest benefit of system modeling is the speed of a design cycle, where runs can be repeated for
different element properties in mere seconds, compared to complete recalculation of a full three-
dimensional problem that could take hours or days. Speed up is possible because the full three-dimensional
behavior has been preprocessed and extracted, either analytically or empirically, and reduced to a non-
linear relationship (usually an ordinary differential equation or ODE) between P and Q. It is for this reason
that library elements are for specific geometries or physical cases and are tailored for the problems the user
wants to solve.

The library elements provided by FlowLib include a variety of channels for pressure-driven flows,
electrokinetic elements for studying electrokinetic transport of species such as DNA, meniscus elements for
modeling a liquid-gas interface, some specialized elements for internal flows, and transducers for
expanding the network to mechanical or electrical domains. The library includes a pair of elements to link
up with the FlowMM module that extracts flow behavior of an arbitrary two-port element. The complete
list of library elements is found in the table on the next page.



Internal Flow Models Straight channel
Elbow

1=bend

nglu iII'|;||_'|.| chommel
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Adr |'|I.|LLL'| i linear and noalineark

Burst valve
Reservoir

Driodic valve

Low Reynolds mumber onfice

Mlemsens Models h|'||'u,'ri-.';|l |‘.In|p'|.,l1 {1 or? port)

Head Meck Model of Droplet (1 or 2 port)

Actualoss Piston

Parallel plate capscator

Edge-fixed membrane

EX {electrostatic) actuator

Elecirokinetic Elemenis Electrokmetie chanmel — straight

Electrokinetic chomnel — elbiosw
Electrokinetic channel — w-bend

Electrokinetic channel — two .‘.|!l|.'l.'ic.- hlli.ii_l.']l[

Electrokmenc chanmel — twio species elbow

Electrokimetie chamnel — two spECles w=bend

Electrokinetic injector

Flovw MM Elements Flowwh W nesistor

FloashM resistor and inertor

2.2: Library Description

2.2.1 Fluid Models

Each of the system model components of the MemSys fluidics library is discussed in detail in the next
section. This includes a description of the model, the types of port(s) connected to the component, and the
input required by the user. The "through" and "across" variables that characterize most of the components
are as follows:

Hydraulic domain: Flow Rate, Pressure
Mechanical domain: Force, Displacement
Electrical domain: Current, Voltage

Some of the components will have a combination of hydraulic (pressure), mechanical (displacement), and
electrical (voltage) ports. Note that this concept of the "through" and "across" variable does not apply to the
electrokinetic elements. The units for the input variables are in MKS. In some cases default values are
shown (e.g. mobility=20n). The table below describes the notation that may be used to set values in the
input fields.

1 tera (107 u micro (107}
a wiga (107) n manss |1 7)
e mega {5y r oo (107
k kilo {107 i Fermtes { 10FT)
m milli {107} a atte (1077}




2.2.2 Cross Sections

Circular, rectangular, and D-shaped cross section dimensions are shown in Figure 2-1.

e wadth + 24
wiclih
d kJ
\1/ -li—v-lljlll
Circular Rectangular D-Shaped

Figure 2-1. Cross sections schematios.

2.3: Model Descriptions

2.3.1 Air Pocket

This template models an air pocket as an ideal gas undergoing compression and expansion. The pin "x" is a
translational pin representing the position of a piston that exerts a force against the gas. The other walls
surrounding the gas are all fixed to ground. The equilibrium state of the gas is at pressure p_0 and volume
height_O*area, and the gas has an adiabatic gas constant gamma (C_P/C_V), which for air is typically 1.4.
The thermodynamic process governing the change of state of the gas is either adiabatic (insulated) or
isothermal (temperature is constant). A polytropic process can be modeled by changing gamma to a value
between 1 and 1.4. Note that the maximum positive force the air pocket model simulates (when the air
pocket is being expanded) is area*p 0, so expanding with a force more than that can result in an unstable
regime.

."i:l.'mlml Mame: an r_paoe ket

ir Pocke
[ezeie |
)
Fort: x {mechanicnl)

User Input Deseription
p_D=11F] 34D cquilibrivm pressure (defoult is atmospherich
lizight O cquilibrivm height of air pocket
ure areq of air pocket
gamima=1 .4 adiabatic gas constant (Cp'Cyv=1.4 Lor air)
thermodyisamics | adiabatic or isothermsal




2.3.2 Air Pocket — Linearized

This template models an air pocket as an ideal gas undergoing compression and expansion. The force is
linearized about the equilibrium position in this model and should not be used if the displacements are
greater than 5% of the height.

Svmbasl Mame: air_pocket_lin

Air Pocket
| =k i
e -
m}
Port: x (mechanicaly

User Input Deseription

p_ =14k 3 wigui librium pressune

height_t equilibrivm height of air pocket

Hrea aren of air pocket

gamina=| .4 adiabatic gas constant (Cp'Cv=1.4 for air)

thermndymamics adiabatic or wsothermal

2.3.3 Burst Valve

This template represents a burst valve, or as it is sometimes known, a capillary break. Fluid in a circular
channel reaches a square_edged opening into a larger channel, and a meniscus forms at the opening. The
meniscus has a pressure drop associated with it that can prevent the fluid from exiting the channel, and
therefore acts as a valve.

This model assumes the valve is used only once, and once it has burst, the valve acts as a low-Reynolds-
number orifice. The valve does not form again if the flow reverses after bursting.

The model assumes the opening is circular and the edge is square; that is, the wall outside the opening is
perpendicular to the inner surface of the opening. The burst pressure and burst volume are that of a
meniscus shaped as a spherical section, where p = 2*surface tension/radius. The valve bursts when the
volume equals the burst volume. The default value for surface tension is that of water at 15.6 degrees C.

The meniscus attaches to the corner of the opening, with an angle measured inside the fluid to a line
parallel to the wall outside the opening of contact angle degrees. A contact angle near zero corresponds to
a highly wetting fluid, and a contact angle greater than ninety degrees would correspond to a non-wetting
fluid.

If the contact angle is greater than ninety degrees, the model will still determine the burst condition, but the
shape of the meniscus at burst will be a spherical section larger than a hemisphere. The "burst_pressure"
would be lower than the pressure of a hemisphere "max_pressure", but the pressure_drop signal might
show a value higher than the burst pressure, which, occurred when the meniscus was about the size of a
hemisphere. The diameter of the inlet must be smaller than the diameter of the outlet.

The output signal "pressure_drop" shows the pressure drop the burst valve exerts on the system over time.
The value changes suddenly upon bursting to that of a low-Reynolds-number orifice.

The event signal "counter" switches from zero to one when the valve has burst. The output signal "volume"
is the time integral of "flow_rate", which tracks the total amount of flow since the beginning of the



simulation that has passed through the opening. The input parameter "fill_volume" represents volume that
will be filled before the meniscus reaches the burst valve, if the fluid is not yet at the opening. The default

is zero. The output signals "burst_pressure", "max_pressure", and "burst_volume" are the constants
determined by the model and are output for ease of use for plotting in Scope.

Svmbol Name: burst_valve

Burst Valve

G_
pt — 1 Ip2

Ports:  pl, p2 (hydeaulic)
User Input Deseription
combagt_anglhe comtact anghe in degrees between fud sk oatenal on wall ot outle
fill_volume=0 virlume 1o fill before reaching valve
d inlet digmeter of pl side, where burst occurs
d_outlet diwmister of p2 sube, must be larger than d_nlet
l.ur|Z:\.cr_|u:|'ni|:-1|-';'_"- dm surknce tension
2.3.4 Diodic Valve

This template represents a generic flow channel with resistance and inertance, where the resistance depends
on the direction of fluid flow. Therefore this can be used as a valve. Analogous to a diode in electrical
circuits, this element is called a "diodic valve". Forward flow is defined as flow from p1 to p2.

The diodicity is a positive number denoting the ratio of the two flow rates measured when the same
pressure difference is applied to the valve in forward and reverse directions. That is, if the flow rate is 20 in
the forward direction, and 10 in the reverse direction, the diodicity is 2. The diodicity is assumed to be
constant for all flow rates, so this is a linear diodic valve.

If flow_rate is positive, the resistance R is assumed to be that of a circular pipe, so the properties d, length,
viscosity and density must be entered. If flow_rate is negative, the resistance is diodicity*R.

Svmbol Name: dicdic_valve

Diadic Valve

1 P— pe
Ports:  pl,p2 (hydrawhc)
User Input Deseriptien
d Inner dimmeter of an equivalent cireular pipe
length Length of am expuivalent cireular pipe
viscosity loweal viscosity
density loseal density
diodicnty rastice f flevw rates inand ot of valve at same absolute pressure difference (de Gl = 2)




2.3.5 Electrokinetic Elbow

This template models electrokinetic transport of a species along an elbow channel. The channel contains a
medium in which the species has a diffusivity and a mobility. There is an electric field along the length of
the channel, expressed in volts/meter. The species enters the channel as a band whose concentration versus
distance is approximated as a gaussian distribution.

When connecting the electrostatic bend elements, use the right-handed (RH) or left-handed (LH) elements
in the proper orientation. Do not flip these elements - only rotate them. Note that a right-handed element is
different from a flipped left-handed element. If a bend element is flipped, it will not connect to the correct
pins, and will result in errors in the output. Saber will not object to "height out" being connected to
"time_in".

The effect of the elbow is captured by a single parameter, alpha, where the full-width-half-maximum
(fwhm) of a band after the bend is

fwhm_exit = alpha + fwhm_s

where alpha is an additional width caused by distortion due to the bend, and fwhm_s is the full-width-half-
maximum of the band after traversing a straight channel of equivalent length. The length of the path is the
sum of two leg_lengths and one 90 degree bend of radius bend_radius.

The input pins denote the three quantities necessary to define the gaussian: height, width and time. The
height is the

amplitude of the gaussian, the width is the full-width at half-maximum (fwhm) of the gaussian, and the
time is the time when the gaussian enters the channel. The output pins denote the same quantities at the
exit. Mobility, diffusivity and electric field are assumed to be constant along the channel.

DC operating point analysis of this model will generate the final state of the system: time the band enters
and exits the channel, widths (fwhm, sigma, 1/e width) as the band enters and exits the channel, height as
band enters and exits the channel, and velocity of the band. Tip: check the value of time_out of the last
element in the channel to determine how long to run a transient analysis.

Transient analysis will produce quantities versus time, as the band resides in the channel. Signals are
height, widths, and position. The concentration profile of the band in time is also output as band_input and
band_output. To view band_input and band_output clearly, the timestep must be reduced to a value
approximately le-6 to le-8 times the residence time. Use a large timestep during testing of the simulation
until all desired settings are achieved. Then reduce the timestep until the gaussian bands become visible.
The first run in transient analysis should have "End Time" set to the value of time_out of the last element in
the channel. Using the calculator, the band_input and band_output could each be plotted versus position to
show the concentration profile versus distance, rather than time. For example, select and place the two
signals band_output and position into the calculator. Select Wave->f(x) and select "Graph X".

rT!l%L % R

: ! mzmsR
EK LH Elb :

/Uw Emﬁmw |

Syvmbaol MName: ok _LH_elbow
ek BH_elbow



Input Poris Deseription

lzight in liziglit i
fwhim_im Full-width-half_raximum in {meters)
time_in time when band enters (5)

Crutput Forts | Description

leight owi lizighit out

1wh|||_-:'\-||.l full-swidth-hal F-ruaxnmum ol {merers)

time_oa time when band reaches ext

User Input Deseription

alpha =10 Effective distortion of a bend due o the bend (alplsa=0 is ideal)
leg lemgth =0 Length of leg a1 each end of bend (m)

h|,'1|nl_'ri||,I||,|'-. =1lm Kadms of elhow {m)

clectric_lield = 10k | Electric field driving EK low (V/m)

diffusivity = §p DafMusivity of the species in the medium (m*2/s)

merhality = 20n .\I:\I‘!i“L}' ol the ar\_'l.'i\."‘ i the mediom (o3 s)

2.3.6 Electrokinetic Injector

This template represents an electrokinetic injector that outputs the width and height of a gaussian. The
gaussian is the amplitude versus length taken from a detector located at the exit of the injector. The
duration of the gaussian is taken to be the width at full-width-half-maximum. Full-width-half-maximum
(fwhm) is the width of the gaussian at the height equal to half the maximum. The output height of the
injector is the amplitude of the final gaussian band. The units are arbitrary, so are denoted "-".

The units of the output fwhm are meters. The functional form of the output fwhm is a fitted exponential
with three parameters:

fwhm = velocity*coeff*exp(-1*x**exponent)

where coeff is the coefficient of a fitted exponential for the time the fwhm passes a detector. Multiplying by
the velocity yields the width in meters of a band. The velocity is:

velocity = mobility*electric_field
where electric_field is the electric field in the exit arm of the injector.

Svmbsel Name: ck_injecior

EK Injector

| Lt

-
I —R

[
[ cowick. |

Cutput Forts | Description
height height of band created by injector
fchin duration in seconds of band |:l:|:\..-\.i||_|.' dedection |'ll.l:i|'|| measured at fwhm
Lime time when peak of band exats injecior
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User Input Descriptien

x=alk Ahscassn of hiited r-'\cp'-m_'nli._'ul

cocfi=10 Coeflicient of fitted exponential (=)
exponem=0.| Exponent of litted exponential

i _height=1 Herght of intensity pulse of mpected band
|||_|_|||1|<,'-1:I | ome when injection h._';',:1|1-. [E3]

clectric_lield = 10k | Electric feld driving EK low along exit arm (V/m)

|.||l."'|"'i|1.|_'- =2 .\[1-|'li|il}. of the -|xl.'il.'- i the pediin (o208

2.3.7 Electrokinetic Straight Channel

This template models electrokinetic transport of a species along a straight channel. The channel contains a
medium in which the species has a diffusivity and a mobility. There is an electric field along the length of
the channel, expressed in volts/meter. The species enters the channel as a band whose concentration versus
distance is approximated as a gaussian distribution.

The input pins denote the three quantities necessary to define the gaussian: height, width, and time. The
height is the amplitude of the gaussian, the width is the full-width at half-maximum (fwhm) of the gaussian,
and the time is the time when the gaussian enters the channel. The output pins denote the same quantities at
the exit.

Mobility, diffusivity, and electric field are assumed to be constant along the channel. DC operating point
analysis of this model will generate the final state of the system: time the band enters and exits the channel,
widths (fwhm, sigma, 1/e width) as the band enters and exits the channel, height as band enters and exits
the channel, and velocity of the band. Tip: check the value of time out of the last element in the channel so
you have an idea of how long to run a transient analysis.

Transient analysis will produce quantities versus time, as the band resides in the channel. Signals are
height, widths, and position. The concentration profile of the band in time is also output as band_input and
band output. To view band_input and band_output clearly, the timestep must be reduced to a value
approximately le-6 to le-8 times the residence time. Use a large timestep during testing of the simulation
until all desired settings are achieved. Then reduce the timestep until the gaussian bands become visible.
The first run in transient analysis should have "End Time" set to the value of time out of the last element in
the channel.

Using the calculator, the band_input and band_output could each be plotted versus position to show the
concentration profile versus distance, rather than time. For example, select and place the two signals
band_output and position into the calculator. Select Wave->f(x) and select "Graph X".

Svmibal Name: ck_straight

in  EK Capillary out

| coventor |
Input Ports Deseription
height_in height in
fwhim in full-widih-half reaximum in {melersh
Lisie_in time when kand enters (5)
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Cratput Ports | Deseription

lweiglit o lsziglit our

fawhim_ouwt full-width-hal F-rmaximum oul {meters)

time_ou time when band reaches exit

User Input Deseription

chimmel_length = 50m Length of separation chanmel (m}

electnic_field = 10k Electme tield drving Bk How (%/m)

diffusivity = 5p Diffusivity of the species in the medium (m*2/s)
mebility = 20n Maohility of the species in the medium (o 27Ws)

2.3.8 Electrokinetic Two Species Elbow

This template models electrokinetic transport of two species along an elbow channel. The channel contains
a medium in which each species has a diffusivity and a mobility. There is an electric field along the length
of the channel, expressed in volts/meter. Each species enters the channel as a band whose concentration
versus distance is approximated as a gaussian distribution.

When connecting the electrostatic bend elements, use the right-handed (RH) or left-handed (LH) elements
in the proper orientation. Do not flip these elements - only rotate them. Note that a right-handed element is
different from a flipped left-handed element. If a bend element is flipped, it will not connect to the correct
pins, and will result in errors in the output. Saber will not object to "height_out" being connected to
"time_in".

The effect of the elbow is captured by a single parameter, alpha, where the full-width-half-maximum
(fwhm) of a band after the bend is

fwhm_exit = alpha + fwhm_s

where alpha is an additional width caused by distortion due to the bend, and fwhm_s is the full-width-half-
maximum of the band after traversing a straight channel of equivalent length. The length of the path is the
sum of two leg_lengths and one 90 degree bend of radius bend radius. The alpha for each species could be
different, but in most applications both alphal and alpha2 are going to be set to the same value.

The input pins denote the three quantities necessary to define each gaussian: height, width and time. The
height is the amplitude of the gaussian, the width is the full-width at half-maximum (fwhm) of the gaussian,
and the time is the time when the gaussian enters the channel. The output pins denote the same quantities at
the exit. Mobilities, diffusivities and electric field are assumed to be constant along the channel. DC
operating point analysis of this model will generate the final state of the system: time the band enters and
exits the channel, widths (fwhm, sigma, 1/e width) as the band enters and exits the channel, height as band
enters and exits the channel, and velocity of the band. Tip: check the value of time out of the last element
in the channel to determine how long to run a transient analysis.

The two species have different mobilities and diffusivities. The separation of the two species at the exit is
determined, and shown in the output signals, and can be used for a cross-over plot.

Transient analysis will produce quantities versus time since each band resides in the channel. Signals are
height, widths, and position. The concentration profile of the band in time is also output as band_input and
band_output. To view band_input and band_output clearly, the timestep must be reduced to a value
approximately 1e-6 tole-8 times the residence time. Use a large timestep during testing of the simulation
until all desired settings are achieved. Then reduce the timestep until the gaussian bands become visible.
The first run in transient analysis should have "End Time" set to the value of time out of the last element in
the channel.
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Using the calculator, the band_input and band_output could each be plotted versus position to show the
concentration profile versus distance, rather than time. For example, select and place the two signals
band output and position into the calculator. Select Wave->f(x) and select "Graph X".

Symbsol Mame: ok LH_two_clhow

I k_| ||_Iu-.:-_-._'||'||m

-— .
=
- r
-
-
FE T HToe: Spradizn Tl b
1
_ ER FH |0 bpcck s Bl \
=
= r
F
-l e
Input Ports Description
height_im1 leight in
fohum inl full-widih-half maximem in (meters )
Ii1|||.'_ir|'| tme when hand enters ()
height_in2 height in
fohm in2 full-widih-lalf maximum in {meters )
time_in2 time when band enters (5)
Catput Forts | Description
height_out] height out
Fohum ot | full-width-hal -osaxtmum out {meters)
Ii1|||.'_-.:-||.1'| timie when hand reaches exat
I'u,'lgl'ul_-.'-u.lj I'u,'lghl ok
fwhin_owi2 full-width-hal -maximum out {meters)
time ot time when band reaches exit
User Input Description
:||F|h:|| =i} | |,||'||]s-¢|,‘| eflfect of bemd on \I\g'l,'il."'\ 1 1:||F|h:|-l'| 15 rdeal)
alpha? =10 Lumped effizet of bend on species 2
leg lemgth = Length of leg at each end of bend (m)
bened_rachus = T Kadigs of elbow {m)
electric_field = 10k | Elecirie field driving ER How (%/m)
diffusivity ] = §p Diffusivity of the first species in the medium (m"2/5)
merhility 1 = 2in Mashility of the first species i the medium (m " 2Vs)
|,1||1i,|~.|'.'i1_1.'3 = _‘|'| I]11]‘||~;|'.'|I_1. of the second speCies I the medinm (m™2/'s)
mekility2 = 20n Muobility of the second species in the medium (m*27%s)
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2.3.9 Electrokinetic Two Species Straight Channel

This template models electrokinetic transport of two species along a straight channel. The channel contains
a medium in which each species has a diffusivity and a mobility. There is an electric field along the length
of the channel, expressed in volts/meter. Each species enters the channel as a band whose concentration
versus distance is approximated as a gaussian distribution.

The input pins denote the three quantities necessary to define each gaussian: height, width, and time. The
height is the amplitude of the gaussian, the width is the full-width at half-maximum (fwhm) of the gaussian,
and the time is the time when the gaussian enters the channel. The output pins denote the same quantities at
the exit. Mobility, diffusivity, and electric field are assumed to be constant along the channel.

DC operating point analysis of this model will generate the final state of the system: time the band enters
and exits the channel, widths (fwhm, sigma, 1/e width) as the band enters and exits the channel, height as
band enters and exits the channel, and velocity of the band. Tip: check the value of time_out of the last
element in the channel to determine how long to run a transient analysis.

The two species have different mobilities and diffusivities. The separation of the two species at the exit is
determined and shown in the output signals. It can be used for a cross-over plot. Transient analysis will
produce quantities versus time, as the band resides in the channel. Signals are height, widths, and position.
The concentration profile of the band in time is also output as band _input and band_output. To view

band input and band output clearly, the timestep must be reduced to a value approximately le-6 to 1e-8
times the residence time. Use a large timestep during testing of the simulation until all desired settings are
achieved. Then reduce the timestep until the gaussian bands become visible. The first run in transient
analysis should have "End Time" set to the value of time_out of the last element in the channel.

Using the calculator, the band_input and band_output could each be plotted versus position to show the
concentration profile versus distance, rather than time. For example, select and place the two signals

band_outputl and positionl into the calculator. Select Wave->f(x) and select "Graph X".

Symbol Name: ek two_straight

in  ER I'wa 3pecies Capillary  wu

| coveion

|n|:|u1. Forts |I|:s|1.'ri||-l'||rr|

|1|."i__s.=|1|_i1|| |1|."i__:.=|1| m

fiwhm_in1 firll=width=half_maximum in {metersh
time_inl time when band enters (5)

liziglht in2 lizighit i

1wh|||_i1|! fuill-sw i-:|.|I|-I|.||I'_|||.|:ui|r|l.|rn n melers)
time_in2 time when hand enters (s)
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Crutput Forts | Description

lzight owil lizighit out

1wh|||_-:'\-||.l 1 full-swidth-hal F-ruaxnmum ol {merers)

time_ouil time when hand reaches exit

height_owi2 hezight out

fwhim w2 full-widih-hal F-rsaximum oul {merers)

timme_gul2 time when band reaches exit

User Input Deseription

chaniel length = 50m Length of separation channel (m)

|.'||.':Ir1|.'_l-|n.'|-:|. = ik Electne feld drv irlg Foke Mo 1% m)
|,1|Hi,|-‘|-.'i1_1."| = Fp |]1'|'|:||-;1'.'|I_1. of the SPECIES m the medivm im™2 5]
marbility] = 20n Mohility of the species in the medium (m®2%s)
diffusivity? = 5p Diffusivity of the species in the medium (m™2's)
|1|nhi|1l:.-: = 2in Maobility of the \r\g'l_'il."'\ mn the medim (m*2/Vs)

2.3.10 Electrokinetic Two Species U-Bend

This template models electrokinetic transport of two species along a u-bend channel. The channel contains
a medium in which each species has a diffusivity and a mobility. There is an electric field along the length
of the channel, expressed in volts/meter. Each species enters the channel as a band whose concentration
versus distance is approximated as a gaussian distribution. When connecting the electrostatic bend
elements, use the right-handed (RH) or left-handed (LH) elements in the proper orientation. Do not flip
these elements - only rotate them. Note that a right-handed element is different from a flipped left-handed
element. If a bend element is flipped, it will not connect to the correct pins, and will result in errors in the
output. Saber will not object to "height _out" being connected to "time in".

The effect of the u-bend is captured by a single parameter, alpha, where the full-width-half-maximum
(fwhm) of a band after the bend is

fwhm_exit = alpha + fwhm_s

where alpha is an additional width caused by distortion due to the bend, and fwhm_s is the full-width-half-
maximum of the band after traversing a straight channel of equivalent length. The length of the path is the
sum of two leg_lengths and one 180 degree bend of radius bend_radius. The alpha for each species could
be different, but in most applications both alphal and alpha2 are going to be set to the same value.

The input pins denote the three quantities necessary to define each gaussian: height, width and time. The
height is the amplitude of the gaussian, the width is the full-width at half-maximum (fwhm) of the gaussian,
and the time is the time when the gaussian enters the channel. The output pins denote the same quantities at
the exit. Mobilities, diffusivities, and electric field are assumed to be constant along the channel.

DC operating point analysis of this model will generate the final state of the system: time the band enters
and exits the channel, widths (fwhm, sigma, 1/e width) as the band enters and exits the channel, height as
band enters and exits the channel, and velocity of the band. Tip: check the value of time_out of the last
element in the channel to determine how long to run a transient analysis. The two species have different
mobilities and diffusivities. The separation of the two species at the exit is determined, and shown in the
output signals, and can be used for a cross-over plot. Transient analysis will produce quantities versus
time, as each band resides in the channel. Signals are height, widths, and position. The concentration profile
of the band in time is also output as band_input and band_output. To view band_input and band_output
clearly, the timestep must be reduced to a value approximately 1e-6 to le-8 times the residence time. Use a
large timestep during testing of the simulation until all desired settings are achieved. Then reduce the
timestep until the gaussian bands become visible. The first run in transient analysis should have "End
Time" set to the value of time_out of the last element in the channel. Using the calculator, the band _input
and band_output could each be plotted versus position, to show the concentration profile versus distance,
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rather than time. For example, select and place the two signals band_output and position into the calculator.
Select Wave->f(x) and select "Graph X".

Svmbol Mame:  ck_[h_two_u_bend

\.'k_l'h_l:'i‘- n_u_h.,- nd

FEl4Tunfanzar |. = SK P Tun Frmziar i

Input Poris Deseription

height_in1 hzight in

fvhin il full-width-half peaximum in {melersy
timme_in time when hand enters (s)

height_in2 height

fwwhm_in2 full-width-half_maximum in {melers)
time in2 time when band enters (3)

Dratput Ports | Desceription

|'||,'I!':|'||_-\.'-II.|| |'||,'I!':|'|| ok

fvhim_ot 1 full-widih=hal f-maximum o {meters)

time outl time when band reaches exit

|'||,'IF|'||_-\.'\III.|: |'||,'IF|'|| ot

fovhim_o 2 full-widih-hal f-maximum ol {meters)

time oul2 time when band reaches exit

User Input Deseription

illphill =] | 1|1|'||'u.'|:l eltect of hend on species | |_;|I|'||'|i|—I] 15 Tdenly
alphal =0 Lumiped etfect of bend on species 2

leg lemgtl =@ Length of leg at cach end of bend channel (n1)
|‘||.'1||.|_'r:u|'i||\. =1m Richins aof n=hend {m}

electrie_field = 10k | Electric field driving ER fTow {Vim)

diffusivityl = 5p Diffusivity of the first species in the mediom (m”2/s)
mebilityl = 20n Muobility of the first specics in the medinm (m" 20V s)
di s i1}2 - .*r! I sy i[}' ol the secomd hl‘ll.'l\.'i\.'}. i the mediom (m™Xs)
mrhility2 = 20n Mohility of the second species in the medivm {m”*2/Vs)
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2.3.11 Electrokinetic U-Bend

This template models electrokinetic transport of a species along a u-bend channel. The channel contains a
medium in which the species has a diffusivity and a mobility. There is an electric field along the length of
the channel, expressed in volts/meter. The species enters the channel as a band whose concentration versus
distance is approximated as a gaussian distribution. When connecting the electrostatic bend elements, use
the right-handed (RH) or left-handed (LH) elements in the proper orientation. Do not flip these elements -
only rotate them. Note that a right-handed element is different from a flipped left-handed element. If a bend
element is flipped, it will not connect to the correct pins, and will result in errors in the output. Saber will
not object to "height out" being connected to "time in".

The effect of the u-bend is captured by a single parameter, alpha, where the full-width-half-maximum
(fwhm) of a band after the bend is

fwhm_exit = alpha + fwhm_s

where alpha is an additional width caused by distortion due to the bend, and fwhm_s is the full-width-half-
maximum of the band after traversing a straight channel of equivalent length. The length of the path is the
sum of two leg_lengths and one 180 degree bend of radius bend_radius.

The input pins denote the three quantities necessary to define the gaussian: height, width, and time. The
height is the amplitude of the gaussian, the width is the full-width at half-maximum (fwhm) of the gaussian,
and the time is the time when the gaussian enters the channel. The output pins denote the same quantities at
the exit. Mobility, diffusivity, and electric field are assumed to be constant along the channel.

DC operating point analysis of this model will generate the final state of the system: time the band enters
and exits the channel, widths (fwhm, sigma, 1/e width) as the band enters and exits the channel, height as
band enters and exits the channel, and velocity of the band. Tip: check the value of time_out of the last
element in the channel to determine how long to run a transient analysis.

Transient analysis will produce quantities versus time since the band resides in the channel. Signals are
height, widths, and position. The concentration profile of the band in time is also output as band_input and
band output. To view band_input and band_output clearly, the timestep must be reduced to a value
approximately le-6 to le-8 times the residence time. Use a large timestep during testing of the simulation
until all desired settings are achieved. Then reduce the timestep until the gaussian bands become visible.
The first run in transient analysis should have "End Time" set to the value of time out of the last element in
the channel. Using the calculator, the band_input and band_output could each be plotted versus position to
show the concentration profile versus distance, rather than time. For example, select and place the two
signals band_output and position into the calculator. Select Wave->f(x) and select "Graph X".

Svmbal Mame:  ck_rh_u_bend

ek_Lh_u_bend
EF.LH U-beul EK. RH IJ—I:IH)M:I ]
[l

S
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Input Poris Deseription

lizighit in lsziglit i

fwhim_in full-width-hal {_maximum in {meters)

|i1|'u.'_il'| time when band enters (s)

Crutput Ports | Deseription

height_om heaght out

o |1|1|_-.'-||.| full=wdth=hal f=maximum oad {meters)

Lime_oan time when band reaches exit

User Input Iheseription

alphn =0 Etfective distance of a bemd due to the bend (alpha=i 15 ideal)

leg_length =0 Length of leg at each end of bend {m)

bend radins = Im Radius of u-lend {im)

electme_Teld = 10k Electric field drving ER flow (Vi)

diffusmvity = 5p Dhitfosivity of the speeies m the mednem (o 275k

mohility = 20n Muohility of the species in the medium (m™2Vs)
2.3.12 Elbow Channel

This template models fluid flow through a rigid elbow channel of three cross-sectional shapes: circular,
rectangular, and d_shaped. D-shape cross sections are defined as follows:

length of long straight side of "D" = width+2*d

length of short straight side of "D" = width

each curved part of "D" is quarter circle of radius d

There is a straight section of channel at each end of the elbow of length 0.25*radius in order for the flow to
be fully developed. Factor in the channel length when calculating the total channel path. The total path in
the elbow is therefore

length = radius*(pi/2 + 1/2).

The true flow may not be laminar if the Reynolds number exceeds 2000. Laminar flow is assumed in this
template.

Symbl Name: albow

-

™
Elbow™
1
I

Ports:  pl (Hydrooli)
p2 (Hydraule)
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User Input | Deseription

d Inner diameter or depth
width=undel | widih of D-channel or rectangle
raslins rasdins {rm)

wIsCOsIY loseml vIsCOsITY

density loeal density

cross section | circular, rectangular, d shaped

2.3.13 Electrostatic Actuator

An electrostatic actuator models the displacement of a membrane that deforms due to an electrostatic force
induced by a capacitor. The membrane is composed of two connected beams, and its vertical displacement
is that of the beams interconnection node. Because only vertical displacement is needed, the other
translation and rotation degrees of freedom of the beams are grounded. The capacitance to translation
converter (transcaptran) has voltage as input and displacement as output. Refer to parallel plate capacitor
for more information.

Symbsl NMame: BS_sctuator

pz_disp

~1ES Actuator

~
[
e

| ——
Py
Y In

Ports:  L-disp (mechamcal )

Woin (eleciric)

2.3.14 FlowMM Resistor and Inertor

This template is used in conjunction with FlowMM, which produces the data files res_tlu_data.ai_dat and
inert_array_data.ai_dat. FlowMM calculates pressure versus flow rate with one parameter. The file
res_tlu data.ai_dat is a table with three columns, where the columns are labeled in order as: pressure drop,
parameter, flow rate and the data is in MKS units (meters, kilograms, seconds). The field "datafile" can be
changed to a user-specified file name, where the default is res_tlu_data.ai_dat.

The file inert tlu data.ai dat is a table with three columns, where the columns are labeled in order:
pressure drop, parameter, and time constant. The data is in MKS units (meters, kilograms, seconds). The
field "datafile" can be changed to a user-specified file name, where the default is inert tlu_data.ai_dat.

This model uses the data files to represent a generic flow channel with resistance and inertance, where the
resistance is a function of the flow rate. This is the general case of the diodic_valve template.

The resistance can be multiplied by a factor, multiplier res, using the same data file for a device whose
properties have changed when the resistance is known to be linearly proportional to that property. Note that
P=RQ, where P is pressure drop, R is resistance, and Q is flow rate. Multiplying the resistance by 0.5
doubles the flow rate.

The inertance can be multiplied by a factor, multiplier inert, using the same data file for a device whose

properties have changed when the inertance is known to be linearly proportional to that property. Note that
P=IdQ/dt, where P is pressure drop, I is inertance, and Q is flow rate.
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:"ilvmlllﬂ Mame: Nowmm resiner

FlawrhAll
Resistar+nertor

[z

Ports: pl Hydranlic

p Hydraulie

User Input: parameter=0
Tu:s_;|::|;.11:||;—"n.'-_|||.|_|.|:|.I::.::i_-:L|I"
inert datafile="iner th daiaai dar”
multiplicr res=1

multiplier_ineri=1

2.3.15 FlowMM Resistor

This template is used in conjunction with FlowMM, which produces the data file res tlu data.ai_dat.
FlowMM calculates pressure versus flow rate with one parameter. The file res_tlu_data.ai_dat is a table
with three columns, where the columns are labeled in order: pressure drop, parameter, and flow rate. The
data is in MKS units (meters, kilograms, seconds). The field "datafile" can be changed to a user-specified
file name, where the default is res_tlu_data.ai_dat.

This model uses the data files to represent a generic flow channel with resistance, where the resistance is a
function of the flow rate. This is the general case of the diodic_valve template. The resistance can be
multiplied by a factor, multiplier_res, using the same data file for a device whose properties have changed
when the resistance is known to be linearly proportional to that property. Note that P=RQ, where P is
pressure drop, R is resistance, and Q is flow rate. To double the flow rate, multiply the resistance by 0.5.

."i:rmlml MName: ||-.'--.1.'||'|r|'|_n,' =15l

FlawhAlM Resistor

s ANA— <

Pusris: pl (Hydraulic)y
p2 {Hydreaulic)
User Input Deseriptien
pararmeler 10 um, prpe dimeter
| :|h|n.:-_|-.\'-k||.p it 11l \.|1|,'-L'|Ii\_':|11n|'|. |1||||I||'||i\:-r_n:-'\. amd |'|'||:||1||'|||¢r_|r|..'r|
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2.3.16 Low Re Orifice

This template models fluid flow through a sharp-edged orifice at Reynolds numbers less than 10. Flow
passes from a pipe of inner diameter d_in through a circular orifice of diameter d_orifice in a flat plate of
negligible thickness. When connecting pipes to the orifice symbol, do not account for any thickness of the
orifice plate nor any length of the d_in entry. The ratio of d_in to d_orifice must be greater than 10.

Svmbael Mame: low_re_oril’

Lowy Re Orilice

e
Pupris: rl i Hyeraulie
p2 (Hydsaulic)

Useer Inpat Deseripticn

d_m Imbet pipe cdiameter

d_onifice Orifics diameter

viscosity Viseosily

density Densiry

2.3.17 Meander

This template models fluid flow from port p1 to p2 through a meandering channel. The shape is composed
of 90 degree elbows and 180 degree u-bends, whose radii (measured from the centerline of the channel) are
defined by the user. The rest of the path is made up of straight sections that connect the two ports. All
channels are rigid.

This meander is designed to fit in a footprint of length footpr 1 and width footpr w, where the footprint is
the smallest rectangle enclosing the whole path. The ports are centered on the width even if there is one u-
bend. Zero u- bends is equivalent to a straight channel of length footpr 1. The user defines the number of u-
bends. The rest of the channel is assumed to fit symmetrically between the two ports. Error messages will
result if the number of u-bends and the bend radii requested are incompatible with the footprint.

As with the other templates, there are three cross-sectional shapes: circular, rectangular and d_shaped. D-
shape cross sections are defined as follows:

length of long straight side of "D" = xsect w+2*xsect_d
length of short straight side of "D" = xsect w
each curved part of "D" is quarter circle of radius xsect_d

The true flow may not be laminar if the Reynolds number exceeds 2000. Laminar flow is assumed in this
template.
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Symbol Name: meander

.\h‘lﬂ [ RETI PR
- T
Ports pl (Hydraulic)
p2 (Hydraulich
User Input Deseriptien
).-..;n.'l_-.| Inner dimmeter or depth of cross-section
xsect_w width of Dl-channel or reciangle crnss=sechon
footpr_] length of footprint (hetween poris)
footpr w width of Footprint
|1|J|1I_L|l'|\.'|'b:|. |1|J|1|l'|l.'r ':'\r. ||._h1.'|1|j‘1
|,|hu:|'|;|_r;|u,|1|,|x radius of ||_|'\'|'|d~.
elbow radius radius of elbows
Viscnsily leseaal viscosity
|_1|_'1|~.'1I:.' laeml |,1|_'1|-.'1I:.'
cross section circular, rectangular, d_shaped

2.3.18 Edge Fixed Membrane

This template is a one-dimensional model of a thin plate subject to fixed boundary conditions on all edges.
The displacement of the center of the membrane is normal to the plate and is represented by the
translational pos pin, x_disp. The mass and spring constants of the membrane are tuned to match a circular
or rectangular plate.

Symbol Name: membrane

2 .
a Membrane = -
l-/
L}
n_disp
Port:  x_cisp {mechanicaly
User Input Deseription
d dinmeter of cirele or depih of reclangle
widith=undel width of rectangle
thickness mribrane thickness
}'-.\|:|||E_-_1|'||'u,1|,|||:|x mexdulus of el sty
poisson_ratio poisson ratic for membrane material {dimensionless |}
density local density
LR seelion cireular, rectangular
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2.3.19 Spherical Droplet

This template models the growth of spherical droplets of fluid issuing from a circular sharp-edged nozzle of
diameter d_nozzle. The drop is assumed to be a spherical section at all times, where the radius of curvature
varies according to the system. The drop is considered to cut off when the diameter of the spherical section
outside the nozzle is equal to drop_threshold times the nozzle diameter. After cutting off, the meniscus
becomes a spherical cap of volume cut_ratio times that of a hemisphere.

Pinch_duration allows the user to specify some time between the cut-off and the cut_ratio shape. However,
the volume continues to change during this time, so after pinch_duration has elapsed, the pressure may

jump to correspond to the volume.

Svmbol Name: meniscus

Meniscus
L
+— -
[
(-2 ]
Port:  p (hydraulic)
User Input Deseription
Surface_tension = (L0734 surface tension
| ]_nn.r.rlu,' inner dipmeter of noerle
Divop_threshold = 1.4 ratiy ol drop radivs o noeede radivs when drop is cut oft
cut patio = 0.5 ratio ol volume renining meniseus after cutofT o volunse of a hemisphere
pinech_durstion e between cul_of P amd cul_ratio shape

2.3.20 Spherical Droplet — Two Port

This template models the growth of spherical droplets of fluid issuing from a circular sharp-edged nozzle of
diameter d_nozzle. The drop is assumed to be a spherical section at all times, where the radius of curvature
varies according to the system. The drop is considered to cut off when the diameter of the spherical section
outside the nozzle is equal to drop_threshold times the nozzle diameter. After cutting off, the meniscus
becomes a spherical cap of volume cut _ratio times that of a hemisphere.

Pinch_duration allows the user to specify some time between the cut-off and the cut_ratio shape. However,
the volume continues to change during this time, so after pinch_duration has elapsed, the pressure may
jump to correspond to the volume. The second port allows droplet to evolve due to a vacuum.

Svmibeol Name: meniscus aim

heniscus
= I o
—
[ .o |
Pori:  pl I'I|}|.|r.|u|ia.'_|
p2 (hydraulic)
User Input Deseription
surface tension=734m | surface tension
d_moerle inner dimmeter of noerle
dre |p_|;|1r\¢x||-.'-|n:| = | .4 rake o dre u i dimeter o porrle dinmeter when n:I'r-.'\-p culs ofl
cun_ratic = 0.3 ratio ol wolume of remaining meniscus aller eot-of1 to volume of a hemisphere
|'|iII.'L'|'I duration =10 tiine between cul-off and cut_ratio :\.|'|u.|:-u
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2.3.21 Head and Neck Model of Droplet

This template models the growth of spherical droplets of fluid issuing from a circular sharp-edged nozzle.
The drop is assumed to be a spherical section at first, where the radius of curvature varies according to the
system.

When the drop volume reaches a critical value, the head of the drop is assumed to pull away from the
nozzle. A neck begins to form between the nozzle and the drop head, and grows in length at a fixed
velocity equal to the average velocity of the head. The volume of the neck is determined by the flow_rate
into the element, so the radius of the neck can be determined. During the neck stage, the pressure the
meniscus element exerts on the system is surface tension/radius, or that of a cylindrical neck. The neck
pinches off when the radius drops below a critical threshold.

After pinching off, the meniscus that remains is flat and at zero velocity. Ejected volume tracks the total
volume ejected including past drops. The total volume includes the head volume plus the entire neck

volume.

Symbel Mame: meniscus_neck

Drop Ejection
—l .-—\-.\'
L4+—
_|—_ .
=z |
Pori:  p ”‘Ir\l.ll'dljli\.'_l

User Input Ieseription
\.l:rlis;r-_l-q-|1xin-1|—3','- Am | surlnes tension
d moezle inner dismeter of noeede
hesd threshold = 1.4 rali of drop diameter 1o noerle dismeter when head s formed
|'||||\'|'|_I|'|n'-'l|||ln,1 =11 ratio of neck dinmeter 1o nogrele diameter when neck |'|||'p\'|1|.'- off
cul_ratic =05 ratio ol volume of remaining meniscus alier eut-ofl to volome of a hemisphere
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2.3.22 Head and Neck Model of Droplet — Two Port

This template models the growth of spherical droplets of fluid issuing from a circular sharp-edged nozzle.
The drop is assumed to be a spherical section at first, where the radius of curvature varies according to the
system.

When the drop volume reaches a critical amount, the head of the drop is assumed to pull away from the
nozzle. A neck begins to form between the nozzle and the drop head, and grows in length at a fixed
velocity equal to the average velocity of the head. The volume of the neck is determined by the flow_rate
into the element, so the radius of the neck can be found. During the neck stage, the pressure the meniscus
element exerts on the system is surface tension/radius, or that of a cylindrical neck. The neck pinches off
when the radius drops below a critical threshold.

After pinching off, the meniscus that remains is flat at zero velocity. The parameter, ejected_volume tracks
the total volume ejected including past drops. The total volume includes the head volume plus the entire
neck volume. Second port allows drop to evolve due to vacuum.

Svmbaol Name: meniscus neck atm

Drop Ejection
L+ |_‘—) —t!
[ covourin |
Ports:  pl (hydraulic)
p2 thydraulic)

User Input Deseription

sufface tension=734m | surface wension

d_r».'-?_rlx_' imner dismeter of norsdle

head_threshold = 1.4 ratke of drop dismeter fo noexle diameder when head is formed

piech threshold = 0.1 ratio of neck diameter 1o nozele diameter when neck pinches off
cul_rali = 0.5 ratts o volume of remanming menisews aller cul-od7 o a hemisphere
2.3.23 Piston

This template models the pressure imparted on a fluid by a piston acted upon by a force. The piston
undergoes a translation, x-xo, and the flow pressure difference is p-po, where xo and po are ground. If the
fluid domain requires a rescaling into microns, the property length units can be set to microns to match.

Symibol Name: Pision

—j

=* "Piston [2=

E=Er]
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Ports: p hydraulic

X 1|||.'n.'|1:|r|'i|.';.1|
User ||1|1u|! |I|:-s|1.'ri|rL'm-r|
aren aren |||'|'||xlns1|
length_umits select units for fluid side of piston symbol (meters or microns)
2.3.24 Reservoir

Reservoir serves the same purpose as a ground.

Reservoir
P=0 7

Svmbal Mamer Heservoir

2.3.25 Right Angle Channel

This template models fluid flow through a rigid channel with a sharp right angle and a rectangular cross-
section. The length of each leg is four times its width. The width is the dimension in the plane of the right
angle. The Reynolds number should not exceed about 100, which is the upper limit of the model.

Symbsel Mame: right_angle

s

mﬂ.ﬂ
Aighl fwngle
Ports:  pl Hydraulic
p2 Hydraulic

User Input Deseription

widih chammel width in plane of right angle

Hn.'it'hl chimnmel hn.'ig}l[

viseosity viscosity

density density

Cross Seckion rectangulan{ widih, height)
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2.3.26 Straight Channel

This template models fluid flow through a rigid channel of three cross-sectional shapes: circular,
rectangular and d_shaped. D-shape cross sections are defined as follows:

length of long straight side of "D" = width+2*d
length of short straight side of "D" = width
each curved part of "D" is quarter circle of radius d

The true flow may not be laminar if the Reynolds number exceeds 2000. Laminar flow is assumed in this
template.

Svmibol Mame: straighi clsannel

E—E)Straight Channelm}fz

Ports:  pl Hydraulic

p2 Hydraulic

User Input | Deseription

d Inner dimineter or depth
width=undel | waddth of Dechannel] or 'r:_'rl.'un_uln.-
length length (m}

wiscosity local viscosity

density loscal densaty

cross sechon | cirealar, rectangular, o -.I1:|r\'|_l

2.3.27 Parallel-Plate Capacitor

This template represents a transducer between capacitance and translation. It models the electrostatic
attraction force between two plates separated by a dielectric in a gap, where a given voltage difference is
applied to the plates.

Svmbol Mame: Transcapiran

A —_|—F1
* ( pos2
L4 "}I——F_I
m | covENTOR posT
Parts Deseripticn
n electrcal
Y| electneal
posl mechanical
|1|--‘E mechamical
User Input | Deseription
ancia Area ofelectrodes of capacitor
kpr Relative p_‘l‘lllili'\. iy i capsscilor gap
[::lp Momimal gap between electrodes
E Capacitance correetion factor (Iringing ficlds)
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2.3.28 U-Bend Channel

This template models fluid flow through a rigid u_bend channel of three cross-sectional shapes: circular,
rectangular and d_shaped. D-shape cross sections are defined as follows:

length of long straight side of "D" = width+2*d

length of short straight side of "D" = width

each curved part of "D" is quarter circle of radius d

There is a straight section of channel at each end of the u_bend of length 0.25*radius in order for the flow
to be fully developed. Be sure to factor in that length of channel when considering the total channel path.
The total path in the u_bend is therefore

length = radius*(pi + 1/2).

The true flow may not be laminar if the Reynolds number exceeds 2000. Laminar flow is assumed in this
template.

Svymbal Mame: u_bend

ot

U-bend | ]

ELEZ//

Forts:  pl Hydraulie
p] | I:.'-:I Tl m;
User Input Description
d Inner diameter or depth
width=undel widih of [3-chainnel or rectangle
rsdlin risdins of the U-Femd
viscosity loweal wiscosity
|.1|.':||:\.:il_-. loszal |.1|.':||:\.:il_-.
cronss seclion circular, rectangular, d_shaped
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Section 3: Fluidics System Modeling Tutorial

3.1: Overview

This tutorial is an overview of the design optimization of a microfluidic network for the investigation of
enzyme inhibition. The fluidic design (i.e. channel sizes) will be optimized based on the required flow rates
and mixing ratios of the different species. The influence of etch depth is investigated on a system model
level, allowing fast design iterations.

3.1.1 Background

New drugs can be developed using the High Throughput Screening (HTS) methodology. In this approach,
large libraries of typically tens of thousands of drug candidates are synthesized and then tested against the
target of interest (i.e. cell membrane receptor molecule, enzymes etc.). In this screening phase, a number of
drug candidates (or ‘leads’) emerge, which show a strong interaction with the target. These candidates are
subject to further evaluation.

In both the synthesizing phase and the screening phase, miniaturization and parallel implementation of
processes are highly beneficial since these factors tend to decrease development times. The subject for this
tutorial is a single, pressure-driven microfluidic network (see figure 3-1).

™ tarped profoin —
S

graloase inhiokor
{dnug candidate) ——

probaase ——-

Fam
maander far
oiffusion and
raaction
e J— usrascanc
- 'Wable dateon zone
pe0.5pa

Figure 3-1 Layout of a Microfluidic Network for Enzyme Inhibition Study

In this network, the target protein is mixed with protease (i.e. enzyme that cleaves the target protein) and
the protease inhibitor (the drug candidate). The three liquids are driven at constant speed through the
network by the application of suction at the waste well (0.5 atmosphere). Mixing and reaction take place in
the meander and the reaction mixture is optically investigated at the end.

It is assumed that the inlet wells are at atmospheric pressure and that the wells do not have any resistance.
The design is implemented by isotropic etching of glass (D-shaped channel cross-section) with the same
etch depth of 20um in all channels. Finally it is assumed that all liquids are aqueous solutions at room
temperature and that the chemical reactions are rate limited (i.e. diffusion proceeds relatively quickly).

In a later phase of the design, a number of these individual units can be put together in an array format to
allow the parallel screening of a large number of drug candidates (see figure 3-2).
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Single uni

Figure 3-2 Array Format for Parallel Screening

3.1.2 Design Requirements

The following requirements should be met by the design:

Pyrex® substrate, isotropic wet etching (D-shaped cross-sections),

Initial etch depth 20um,

At system outlet 0.5 bar (=50 kP) under pressure,

Unit size 9x9 mm, total element size 8x8 mm,

Radius of curvature of the centerline of the channels should be at least the width of the channel,
Well volume 1 pl,

Flow rate low enough to let system function for at least 60 s (total flow rate maximal 1pl/60
s=33.33 pl/s),

Equal flow rate from protease and protease inhibitor wells (i.e. 8.33 pl/s) and twice the flow rate
from the target protein well (16.66 pl/s),

Minimum mask width 10 pm,

Residence time in the meander is minimal 10 s to allow complete reaction,

Assume liquid properties for water at 20 C.
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3.2: First Design Pass - Building the Schematic (Part A)

The procedure for the first design pass is as follows.
1. Start CoventorWare. Be sure that Saber was installed (not installed by default).

2. Create a new project called “drug_screening”, and specify a settings file name “setting1.mps”.
Note that under the project directory a schematics directory will be created that will contain your
saved schematic file (.ai_sch).

Ji# Open

Prol z et 1 o
Hame | st bedified
UL AN U7 1M

;] oG SCrosning IE'I =7t nzzl s L2UTAN 115 AM

Sebing 1lz; |G.".l.|=u|".l.l'-q g are ingisaling = s g |
Fl 65 Sibmz: |Frojest32-gs =lles ¢ mp | wanzw |

3. Click on the System Modeling tab and then click the Start MemSys button to activate the Saber
interface. The MemSys Sketch window will open (see Figure 3-3).

4. Click the red Show/Hide SaberGuide icon (icon 19 from the left), to show the SaberGuide
buttons.
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Figure 3-3 MemSys Sketch Window
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5. Open the Parts Gallery window (see Figure 3-4).
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Figure 3-4 Parts Gallery Window

6. In the Parts Gallery window navigate to Coventor Parts Library/Parametric
Libraries/Fluidics/Internal Flow Elements.

7. Select Straight Channel (i.e. the target protein channel) and click Place. You may need to move
the Parts Gallery window away from MemSys Sketch window to see the part. Rotate the channel
vertically using Schematic > Rotate > 270. Note that the flow direction is defined as positive from
port P1 to port P2.

8. Place another Straight Channel (i.e. the protease inhibitor channel). Drag (using the left mouse
button) the channel perpendicularly below and to the left of the first channel. Make sure that the
two channels are connected (the small connecting box disappears).

9. Place and rotate a third Straight Channel vertically below the first channel.

10. Place a fourth Straight Channel (i.e. the protease channel) perpendicularly below and to the left of
the third channel.

11. Select Zoom to Fit (icon 10 in the second row of buttons).
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12. Continue to place the remaining fluid elements as shown in the diagram in Figure 3-5:

e 1 Meander

e 1 additional straight channel (5 total)

e 3 Reservoirs (i.e. hydraulic ground)

e 1 Pressure Source, Constant Ideal (located in Analogy Parts Library\Hydraulic\Hydraulic
Sources; alternatively use the search option with template name pres_dc).

e 1 Coventor symbol (Saber Include File) to set parameters (located in Coventor Parts
Library/shared parts).

e 1 Ground (located in the Analogy Parts Library).

Note: You can connect parts with a line by simply clicking on the port of each of the parts to be connected.
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Figure 3-5 Fluid Elements

13. Close the Parts Gallery window and save your work as designl.ai_sch with File > Save As >
designl. The default file name is new_schl.
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14. Set the dimensions for each element by double clicking on one of the elements and filling in the
values in the table that opens. The values to be used are displayed in the enlarged MemSys
Schematic shown in Figure 3-6.
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Figure 3-6 MemSys Schematic
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15. Change the ref labels for the straight channels connected to the reservoirs as follows:

e  Channel 1: Protein

e  Channel 2: Inhibitor

e  Channel 4: Protease

e Note that units are in SI. The symbol u is used to input the length in microns (e.g. 2000u). In this
example a negative pressure of —50k (-0.5 atm) is set to draw fluid from each reservoir.

e  The variable names etch_depth, mask width, mu and rho will be defined in the Coventor symbol
element.

16. Activate the display of both the name and value on the schematic by clicking on the black buttons
to the right of the values. The button works in three modes; no display, name only, name and
value.

17. Click Apply, OK. Repeat this for all of the remaining fluid elements.

18. Double click on the Coventor symbol. Set the etch depth to 20u by entering a new property and
new value at the bottom of the table. Click Apply, OK. Set mask width to 100u. Note that by not

setting values for mu and rho the default properties values for water will be used.

19. Save your completed schematic; File > Save.

Initial Design Evaluation

20. Click on Design > Netlist (this creates a text input file with the extension .sin). View the transcript
file for errors; View > Show Netlister Transcript. Click on Design > Simulate to start Saber.

21. The flow rates through the network can be calculated by running ‘DC operating point analysis’,

which can be accessed by pulling down Analyses > Operating Point > DC Operating Point to
open up the Operating Point Analysis window.

e
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. Click the Input/Output tab.

. Click the Select button and then Browse Design to select the results of interest to display
(alternatively choose All Signals, to display all results).

. Double click on the fluid element name to display the variables for that element. Use the Ctrl key
to select multiple results output:

. Select flow_rate, length, pressure_drop, and residence_time for the meander.

. Select flow_rate and pressure_drop for each of the three straight channels connected to the

27.

28.

29.

30.

31.

IEeSErvoirs.

Click OK.

At the Display After Analysis option, click the Yes button.
Click OK to run the simulation.

Click the >cmd icon (top right of MemSys Sketch window) to bring up the SaberGuide Transcript

window.

The results will be displayed in the transcript window. (Only the previously selected parameters

are output).
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32. As can be seen, both the net flow rate (30.5 pl/s) and the residence time in the meander (10.79 s)
match the design requirements. If further modification is required, the number of turns in the
meander as well as the mask width may be changed.

It also follows that the ratio in flow rate between the target protein channel (channel 1) and protease
inhibitor channel (channel 2) is 2:1, as desired (a direct result of the factor 2 ratio in length). To match the

flow rate of the protease channel (channel 4), its width may be varied until it equals the flow rate of the
protease inhibitor channel (channel 2). This will be demonstrated in the next section.

3.3: Matching the Mix Ratio (Part B)

The influence of the width of channel 4 can be determined by a ‘Vary’ analysis.

1. Pull down the Looping commands window: Analyses > Parametric > Vary.
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In the Looping commands window click the vary button and double click channel 4 (use
Select >Browse Design). Select the parameter width and click OK.

Set the start value, end value and increment for the parameter sweep on channel width (from
20u to 50u by 2u).

Click Accept.

| for amaiar:

In the Looping commands Window pull down AddAnalysis > Within Loops > DC
Operating Point.

el B N BN BN BN I BN &

Click the dcanalysis button. Under the Input/Output tab set the End Point Plot File name to
‘sweep’.

Verify the parameters of interest (flow rates in inlet channels), using Select > Browse Design
as done in the previous section

Click Accept.

Pull down AddAnalysis > After loop(s) > View Plotfiles in Scope

10. Click Plot and select Replace Plots from the pull down list under Plot Action. Click Accept.
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Click OK to run the simulation.

View the Results

12.

13.

14.

15.

After a few seconds the Memsys graphics window (Figure 3-7), and two windows containing
the plot file (window labeled Signal Manager), and the flow_rate results (window labeled
designl.sweep) will open.

Resize the graphics window and move the smaller windows to the side. Then select one of the
flow_rate results from the list, and click Plot. To add another flow_rate result to the graph,
select another result from the list, and click with the middle mouse inside the new graph area.
If needed, the graphics window can be cleared with the Clear icon (icon 13 from the left).

Select the flow rate of channel 4 from the legend in the graphics window, and click the At X
Measurement icon (icon 17 from the left)

If not done automatically, move the cursor to the point of intersection. At this point the flow
rate in channel 4 equals the flow rate in channel 2. This occurs at a width of 29.955 um,
which is the required mask width of channel 4. Note that the flow rate of channel 1 is always
twice the flow rate of channel 2, as explained earlier.
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Figure 3-7 MemSys Graphics Window

16. In the Saber Guide Transcript window output the data to a text file using Results > Plotfile
Report >Input/Output. Specify an Output File Name, and click OK. The file will be stored
in the drug_screening\Schematics directory. Close any windows that open.

17. Close the two small results windows and exit from the MemSys graphics window.

3.4: Run Simulation with New Width (Part C)

1. Go back to the MemSys Sketch module and set the width of channel 4 to 29.878 um by double
clicking the channel 4 symbol and typing in the value.

2. Run a DC operating point analysis (refer to Part A for details) and check the result, see Figure 3-8.

41



Node: Kesults muy vary

Figure 3-8 Results

3. The flow rate of channels 2 and 4 are now matched, with the flow rate of channel 1 being twice as
large. The required mix-ratio is achieved while matching the requirement of a minimal mask width
of 10 um.

3.5: Sensitivity to Process Variations (Part D)

1. The foundry indicated the following specifications of their glass wet etching process:
Etch depth +/-10%
Etch uniformity over wafer +/- 5%.

2. Setup a ‘Vary’ analysis (refer to Part B for details) with the parameters in the following

window. Type in the parameter name etch_depth as the variable will not be available from the
Select option.

F ars nizisr Swasp Laop w11
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3. Plot the resulting flow rates in one graph (Figure 3-9).
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Figure 3-9 Flow Rate Graph
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To investigate the mix_ratio as a function of overall etch_depth, the signals ‘flow rate channel
4’ and ‘flow rate channel 2’ should be divided using the signal calculator. Click on the
Calculator icon on the bottom of the screen (Figure 3-10).
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Figure 3-10 Calculator

5. Select flow_rate (straight_channel.straight channel4) from the results window (window
labeled designl.sweep), and copy the signal to the calculator by clicking on the calculator
screen with the middle mouse. Repeat this for channel 2.

6. Push the divide (/) button to divide both signals.
7. Plot the result by clicking the Graph X button at the top left of the calculator (you may need

to expand the window), see Figure 3-11. Clear the calculator (cIx), and repeat this process to
investigate the mix ratio between channel 4 and channel 1.
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Figure 3-11 Results Window

These graphs reflect the influence of overall etch depth on the mix ratio. The influence on the overall flow
rate is negligible.

44



8. The influence of 5% uniformity can be investigated by varying the depth of a channel and
plotting the mix ratios. To do so, set up a ‘Vary’ analysis and vary the width of the selected
channel plus and minus 5% (set “d” from 19u to 21u by 0.5u). In the window below the depth
of channel 4 is varied:
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This supports the conclusion that the non-uniformity of etch depth has a larger influence on the mix ratio
than the tolerance in overall etch depth.

3.6: Conclusions

Typical design issues such as flow rates settings, mixing ratios, and sensitivity analysis can readily be
solved by system level fluidic modeling rather than by performing lengthy FEM simulations. A large
number of parameters can be varied and the effects studied within seconds, resulting in a better
understanding of the system behavior.
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Section 4: SwitchSim

4.1: Introduction

Electrokinetic microfluidic microsystems are powerful analytical tools for many applications, such as
nucleic acid analysis, enzyme assays, and immunoassays. These systems follow a typical sequence: sample
injection, mixing, chemical reaction (modification), separation, and detection. Electrokinetic change is used
to transport the specimen through the channel. Complicated relationships exist between the micro channel
geometries and the behavior of the multi-component fluids. The SwitchSim module is designed to assist the
designer in choosing optimal system settings for the pinch field during injection and for the switching field
in a switch component.

The tutorials in this chapter illustrate the steps necessary to analyze a sample injection and switching
model. The tutorials contrast the results with and without the introduction of electronically induced
constriction of the horizontal channel at the area of intersection. All structures are built within the Coventor
software environment and thus do not require any external files. Although the model is simple, such
intersections are powerful components that enable one to separate chemical species.

4.1.1: Switching Flow

The species can be separated by switching the electrical field at a channel intersection. The sequence of the
switching flow is shown in Figure 4-1 (this figure also shows the voltage setup for Tutorial A). The left
figure shows the electrical field at the first phase: an initial Gaussian distribution enters the horizontal
channel from the left. The right figure shows the electrical field at the second phase: the electric field is
switched in order to drive a segment of species into the transverse (separation) channel.
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Figure 4-1 Switching flow at channel intersections

4.1.2: Theory

In this brief section, electrophoresis and electroosmosis are introduced in Figure 4-2 and Figure 4-3.

+ -{3) =

._-_ ._-_ Migration velocity in terms of field
is expressed as:

¥, |*.-_||'I"

Electropharesis: Applied field causes ion migration
With paositive mobility, migration is toward posiive elecirode
With negative |'|';q'_:-|||||1}'_ rogration is towsand nesgative elecirode

Figure 4-2 Electrophoresis
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Wall charge exers force on uid,

S0 " o' e D a5 shown by these equations:

+ ..‘_-I.- = Fro = pE
62650,6,6,6,0 o
I
i
l—
whera
Electronsimiosis: Bulk Now of louid o is total potental in channel

duse Lo wall charge #

is 0 bias polentizl, created by elecirodes
at the ends of the channel

is potential in the region of the walls,
craaled by alectrical double-layer

Electroosmobc mobility (analog 1o electraphorasis) yields wall boundary conditions

Voo = Heall
Positive mobdity implies: Negative mobility implies:
MNegative wall charge Pasitive wall charge
Positive ion attraction o wall Magative ion atiraction 1o wall
Bulk moves o negalive elecirode Bulk mowes to positive elecirode

Figure 4-3 Electroosmosis
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4.2: Tutorial A

This tutorial simulates injection and unpinched switching, using a simple channel cross. The species input
is defined, then boundary conditions are assigned to allow channel switching and controlled species flow.
Table, graph, and full 3-D color mapped solutions are viewed, and a variety of output analysis tools are
demonstrated using the Visualizer. The channel cross is shown here:

flewi channel

SZparaion chanmzl

Figure 4-4 Channel model

4.2.1: Initialization

The tutorial starts by launching the software and creating a new project.

Step 1:

Launch CoventarWare and import the tutorial

Llser

a. Click the deskiop con (UNIX users enver covemiorasie) o sian the program.

1 Jm e Project window thal opens, select the mpoet ferorfalicon,

=-

. I Che mews wiilderw Thal a s, selecd Swilchbdm.
d. Click om Cpent

e Ulick OK toclose the comlirmstion Do,

f.

Imn Ve prranjesct b, winchow, select the SwfedSim directory. A defaln . aapes Tilename will appear in the
winiow.

g Click om Open

Hipd e & x :.:.l sl g &5 )(I :_:.l
| 1t Pirdiiart | [Hama |1 et AR |
LA n o] <=t o, A e
e A0 A cH
AR 1 -
S ME s st 1 G | sl m S e S open
Vit il b [Bannect S ik e ] e |
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4.2.2: Material Properties Database

Step 2; Verily path and fle

User Explanation

Select the Fouwmdry 1ah. Ensure ibal the Materials field has a The file path and manse of the coerect .mpd e shoald appear

carrect path toa valid mypu file. by defauli in the Maveriads Gield. If ned, click the folder ioon
aml navigate 10 the carrect mpsd Eile.

4.2.3: Mesh Generators

Instead of using the Layout Editor and solid model tool, the Mesh Generator tool will be used to design,
build, and mesh the device. This tool has built in capabilities for a number of predefined shapes. The
geometry and mesh constraints are defined after a general shape type has been chosen from the library. The
Layout Editor is used in Tutorial B.

Since the shapes are predefined, it is not necessary to create a .cat file for the layout design. Also, because
this tool creates devices for fluidic design, a process file is not needed. The interior is assigned the
properties of water as a default. The physical properties for a species within the carrier fluid are defined
within a fluidic module.

Step 2; Verilv path and file

User Explanation

Select e Fowmdry 1ah. Ensure ibal the Materials field has a The file path and manse of the coreect .mpd e shoald appear

carrect path toa valid mypu file. by defaull in the Materiads Geld. If s, click the folder ioon
andl mavigae (o the correct ampsd file.
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Step 4:  Serting model parameters

User

Explanation

,t.

. Sed only the Nelds listed below as described in the Geomseiry
Sediings ek
Lengthl = &0
Lengith? - 225
Widih = 34
Eich Type = Planar 200
. Click on the Magual b in the Mesh Seerdngs feld
Sed the element size In Cross Sec - |
. Sed the element size along fow - |
, Element type defaulis to paratodic. This must be changed 1o
Liesd
. Bias Sertfngs defaull values need not be changed
. Click Execie.

[ - I~

=

=l

will appear.

= Larger element sizes will redice the tdme ecessary 1o
il thee siivnilatian, bl [ITELY fesidll i bess BEcifacy.
Conversely, sisaller element sies will create a fines
mesland will also incresse i tine.

= By delailt, thee File being creaved will be named
SW el bl

. 1T ehis nutordal s re-ran the optbon to overwrite previous resulis | s Select O o sverwrile, or assign o mew mame For te

file befoge proceeding.

|::> Prepending an provessor spessd, several mimates miy inmspine before the model is complesed aol e Ve

Mlieded brution is sctivated.

Step 31 View Model

User

Explanation

A When the Mesh Generatod stops funning,. select View
Mlodel Froom the baobioam of the wincoaw

h. Select ihe Mormalize icon @

L8

Select the Isometric view, gl

Mormalize zoams r|s||||'~|'|||lir||u||'| r||'|_i|'rl siwe aml cemiers the
it o dher wieweer, Isomedric gives a view pespeciive in
thres dimnessiom
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Step & View Mesh

User Explanation

a

. Heler Scabe icon Fl

icantly From thar shoavn helosw,
Wi yomr wirk,

Lheck Farts i tbe upper lefl liedd o che Visualizen Il vsessh alifTers s
returm b Sl & and e

Select the Front View icon. M

Llsing the mididle mavse burion,

an e vhiject o
display the mesh.

Click in thes view ars and deag opeasird to oo in
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4.2.4: Changing Patch Names

For convenience and clarity, four of the default patch names will be changed.

Step7: Re-Name Patches

User Explanation

al o ke il o 10 select e
b, Using ihe middle mouse bution, olick on ibe ohject o patches o the chamnel ends

coespaisd with clockwise locs

A Check Pagchies in tbe upper 1eft ell of the Visaalizer Ihe £-scabe was incoe;

o mames ane selecled 0

select the fop peich. By default, this patch is designated
pEatch 0.

o On ke lefi side of the visualizer. click on Hide Selected
Pateh

. Click the ieen to change to the Isomedric view

o, Select B = e MELE froam (he mem bar,

[ By defaule, the Scaling optbons are displayed. Change the £
Scide vl 10 30 aml click Update

g. Close ihe Edit MBIF window

.

T rename a paich. select It with the middle mowse butlon
peplace dbe default e with the sew name in the e
field, amd click Update. Perfosm these steps for each of the
lowa chanmnel end paiches.
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:D\, e delanlt patch s that apgear in the Visaalizer shonbd Be clamged to those shown heee. As long as
e XY ordentation is as showr, e assigred namies ame comect.

Step 81 Save mhbif

User

Explanation

a. Select File=5ave from the menu bar 1o preserve your
changes.

b. select FilosChaitio close the Visualizer.

c. Click Close to close the Mesh Generators window and
et B e Funection Manager.

It is not fecessary o chaige the Z-scale setting to its
original value. Scale adjistments simply madify the
presentation, and do not affect the mbiffile.
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4.2.5: Solver Setup

A Select the Aralysistal, The moded typs is se for salver we. The Analysis tal
b, In the Category select Microfudeies Safvers Sl L LS
€. Select SwitchSimas the solver Type.

d. Sed the MIMF File path o be SWChamoed miifile just
createil

e, Hed the Salution Directary (o sw Sesulis
£ Click on Solver Setug to apen the Tosd window,

Lovmrbaiw mie - Loran'dwikar'™ 1 _Degnd i Snkchimtawkh S

it s st i

LTSRN M UL B L SRR i S _L I I

< .

Fruscrs P ker RN _Daskn Akesrsskchabnrapdimarnes s _Fesus1 -
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4.2.6: Tool Setup

Step 1k Set Up SwitchSim Tool Window

User

Explanation

B

=

. Select Edl rarestenr under Aralysis inibe dwecootn!
field.

Sed Delta_T to Jo- 005
. Hed Stop o 1o
. Hed Output i

Compare with the view shown helow, then click OK.
. Click Next s display the SwliehSio BCs panel

Ho . -

- In the Tood wincow that npens, sel vitlues as sharawn below,

The analysis is ransiend. The defale scan e is 000 and
resulis will be saved every |1 seconds until the 1.4 secand
terimiation. The window is set For transpon in a carried Nid
{dilute analysis because carrier fluid predominates). The
transienl amalysis allows the species in this 20 probleen o be
tramspodied theough the switching channels. A series of mbil
files is creaied 1o preserve outpul resulis oblained Foe each .1
segnid slep.

[ETLUITI I WHInd AdcinHd
reerede: |Framtad _=l|rrarrrir =| Filr
dmezol | Muks | TimerSser | Tacracr
Tremshans: [Tremsian - BH [féariik: | 10N [
sk | ToaHaIe T ArayTis Spacks | (LI
Seellis: [FENTarl = [oike: =[Carkerd =Gn =

(£ | [ETTHI | LI el |

R uu
ela_l [ 31
<nap: 14
12 IR L]
mmin: A

[l CHmHl
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4.2.7: Setting SwitchSim Boundary Conditions

Within SwitchSim, you’ll set up the switching boundary conditions for the cross for species injection.
“Species” refers to the specimen which is suspended in water within the horizontal channel and is sheared
off by the flow of the transverse channel when the voltage is changed.

In this exercise, there are no surface or volume conditions to be set.

Step 11: Set up SwitchSim Model window

User Explanation

A In the SwitchSim BOs windoaw that R, seleri the P lecidar 'uwi|.‘:|l| and coniductivity ane nol Tactors, amd can
Speciies lalton. b iggiared. The diffusion and mobility seitings are fequired

b Sed the Sifsion valse o 30 fot steurate simulation of the species transpon

€. Hed the Matlity value 1o 75
. Click on O

(I T

Sprches Epacics_1
Wik N0 Lanci il Kiziba = 1
Il um TR 11l
LTl gy il CANTAN-GCal 100
Coisd g pEm; CAnSAN-acaly 14a

ll Caned
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Step 12:  Set Species Surface Boundary Conditions

User Explanation

it Click on speciesSurfBCs Ihere i anly 1 species in this simalation. Paich ¥ §is
assigived a conceniration of 25 10 allow a contioous inflow

I Axsign a lapd value alb 25 for .‘ipﬂ'illu | at ]l.'llr'h Vo
ol species from thal location.

. Click on OK

Flc Hcli

[ TR TR b -EIEG Hulthi Faleld! LI [H B Lieidslud o1l E hiieamn|
L E S« H Tnnw _xjmw il | H AT =1 k] coHl =) el =1
SRS b =||4rnr = pm L ([5ETY =|bnar L] 1L L (T =
LT SO D lhum _xlmm ln - n Lo T =l
1] rare || e xlpara x| =|[E=adr = ok Ficd ]| Akad =]
5.1 ar = o =l liraie | - [ 1] Fhaed =l =
S 112 M e T||reaic - aar ht o Flicd bt [0 | -
5ot Mare e ;Iil:lnc jhm - Eaur s o0 Foacd  =][qmci =]
e Jmre ][ ioac e )imic jE-:aHr = (1] [(T2] ﬂﬁml =]
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Step 13 Set Species Volume Boumdary Conditions

User Explanation

. Click on speciesVolBCs hutton, Enter the follawing Seq | The precision of the vodume bouindary conditicns defines ihe
values: initial bocation of the species wilkin the chanmel,

b, et Specivs i 1 A Tlat tep Gawssian distribution with o center poinl at x- - 225

- Sed BT Jubdla microns ani a sigma of 25 microds is specified in ceder o

e L el pravide an indtially smoath species coneentration profile.

. Sed Partio Fiuid This i nol only & moce realistic inilial comdition than a sep

Rl o Fagdlalee 1o Gaussian, funeliodn clange in Species concentralion, il also allows fora

£, et the following Caussian values: muimerically more aecusate resuli.

Chrigin X
X 0= 125
sigma X - 25

Amplitle - 25

Click OF to close the Faly fraussdan dialog hox
Click OK to close the speckes HaliiCs window.
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Step 14:  Set Phase parameters

User

Explanation

il Select Piases from the SwiichSim BCs control panel.

Iy, Sed the time value for Phase 1 e 7T A00000E-01)
«. Hed the same value For Phase 2
d. Click OK e close the Phiases dialog box

I'he phases ase periads of tme dugdng which specilied
vallage condilioes prevail

lin 4
Mhases Time Varlati
Hicpin Tt s n 1l
HicpiH s n [E-1
Phsc_1: [T Firzd
M"erae_3: wna 11
HicoiH 4 {11 11} 1l
Nhenr 15 nan Furd
Phsc_T: [T Firzd
Hicpw 1I: [[L 1]} al
o | e
Step 15: Set Switch Boundary Conditions
User Explanation

A Select SwitchBCs from il SwilchSim BCs controd panel.

Is. Sed the first four ponts as illusiraied below.

€. Edit ik Phase voltages acconding 1o these selings:

Paich FPhase 1 Phase 2
Partl % 12 ) 1]
Part2 % 3 1k 18
Partd % & 9 18
Partd % 4 il 18

d. Click OK 1o elose each S Phase Wakage dialog box ale

enlering the cormesel values
. Click OK e close the SwiichBCs dialog box
£ Click Sinulae.
g When prampied (o save seitings, select Yes,

Phe paatciies al thee enids ol each chamiel are pors wsed o
vimiral yoltape chianges dorirg the siomlation. De plase
talile sets e vorltap e valoes thal will exin doring esch
e, During, phse 1, ass incoemes as species enfers the
syslern lronn e kel el IV 91, Al e 1.7 -![lll:lw 21 b
v b o deceesse as specios Teaves e system
SEmmlalism s vary <I|1u'|||!ir|g<||| [ .'\.|||'1'1!. (5111
will Bk a0 beast 5 miemibes
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4.2.8: Simulation Results

Step 16:  View the SwitchSim table resulis

User

Explanation

A I ehe Sdmulation Resalis window that upEns, click on
spintegral Table,

b Click on Close alier viewlng resulls,

¢, Click on spintegral Graph

al, Click on Close alier viewing resulls

The wisdows show the resulis of & conservation of mass of
the adililinaal species, with a caleulation at each line step
specified in the SwitchSim Tool window. As the species
mives frsm lefl (o righd in the chapnel, some of the mass aof
the adiiiional species exils accounting, for the alserved
trenil. Plugs of species leave the model because they are
electrokinetically driven out: diffusion is responsible
for only a small porticn of the mass that leaves the
model.
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The value of the mass remaining in the channels nsy vary from ibe depicted table valioes below, especially
:D} Iry the e of the sinmbsiion. Residual numerical eroes are responsible for the differesce. These eiroes
depend primarily on the compuaier used amd shoull be within 5% & repodied

Step 17: View the List of Time Step Files

User Explanation

a. Click on fileArray The window lisis the mbiT Nles retalned during ihe
caloulation. Because they were saved, they can be viewed
with the Wisualizer

b, Obseree the names ol file ||.'|I1|l. o dhe 15 mhbif Tiles
created during the stmulation.
€. Click on Close
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Step 18: Start the Visualizer

User Explanation

. From the Visualizer Control Panel menu bar window, click | The Visualizer can display all the mbif file resals
on Start Visalizer.

b, Click on Viswalize List

¢, Sed the Isometric View arlentation and Nermalize the
View

. Click the E jcon | lintume Fisuafisason on the Visualizer
tolBva
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St 19:

Set up the Visualizer for Mass Fraction resalts

User

Explamation

it From the Visualizer menn bar, select Ealr = Sdie MBIE
b, Select the Active Firkds check hox

€. Uncheck the Mises aml fsplacemens Volume felds.
d. Check ihe Mass Fraction I Aeld.

&, Update and Close the window

[ Click the Frowe Wew [yx) huiton on the Visualizer toolbar.

. Llse b == button ad the bsdtom to advance through the
sidition sveps 0 S Ciaraoed tine 8. Compéane with the
view shiown hedow

h. Check the o optlon 1o ohserve the animated simulatbon

The conerol sedlings enable viewing the movement of the
SfeCiEs.

Lresandateam Youwskoa bl

S| et E

@A T el w
La_FJ CAZ: i
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hade amh g
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Step 20:  Set up the Visualizer for internal shice plame results

User

Explanation

i

[z}

=N

-

=

h.

Click om Isomwtrdc View Trom the Visualizer wolbar and
adjust for magnification.

From the Visualizer lefi panel, click on fmerwal Sifee,
Check that the Offsed slider is set o fand that the Scale
alider is sed v 017,

Adong the menu bar, select Salit = Fefle WEIF aml check
sraling

S the £ Scale 1o 5il

Update and Close the Fdit MBI windmw,

Adong the top of the Viswallzer maln window, click an he
Wiew fcom 1o edil ihe view.

Verlfy that the Tramsparency slider s sel al {.80

Close b General Editar wintdow.

Autvance through ihe solution sieps manually. or check ibe

Rure bux Fod ailiivaliog.

The slice view allows display of the Mass Fraclion
magnitude at the cenler of the channel The pleg maves
dhaswn the chanmel. You can abserve the effects of diffusion
with time. A selected event time is shown bebow,

vt 1Z11%1 WINE Pl 1]

Yioinorr a1l
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S| e il -

T fawae @ Femafi s
La.Fu CAZ: i
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.
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4.2.9: Animated Files

MPEG files are a convenient way to save or transport graphical representations of simulation results. MPEG files can
be created through the Visualizer. These files can be played on standard Windows media players.

Step 21:  To Capture ihe Sequence as an MPEG Animation
User Explanation
A From the men bar, select Vieses Wew Ediors=Vew Edier | Before creating the animation, it is necessary to
i apen the View Editoe. Open the Resolution drog-down change the resolution setting, By defaulr, the
e and select any of ihe foer numerical options, Visualizer resolution is s=t to Sl Viewr This muss be
depentding on the screen size desined for playback. Close set 1o a numerical value that can be interpreted by the
the i, mrdia plaver.
b, Set the Visualizer time step in ibe lower right comer 10 SW
e sémie (1.5 e series of .mlsf Giles appears lemporarily in the g
¢ From the menu bar, selece Sl = lmage Capoe. directary, bul is auiomaiically deleted when the MPECG fle is
d. Inthe Image Caplure window (shown hebow), check comyiled.
k;”wrhll . When tbe number of ald bgs exceeds 4, the system will
e, Lsethe controls ae the I:'“”':'"! of the Visuallzer window 1o prampd fof the deletion of ald logs at stan up. Bemember io
st through the sequence of images. mive of popy e completed MPEG before deleting old logs.
£ When all images in the sequence have been viewsd,
uncheck Recoed
g Select Rewind.
h. Check the Comdomas option.
i. Helect Run.
Jo Click on the fcon s dbe right of the S ekl do open the
filed Fabag diabog bax. Provide a name for ibe MPEG
amimation and click OK io close the box, Observe the path
amil File name in ihe Image Capture dialog box.
k. Click Save MPEG file to creade the file aml Clase fe close
e dicalog box.
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4.2.10: Column Integral Results

Step 22: Set up lor column integral results

User Explanation
f- Click om the OF jcon [':'-Ilm'.i.:l.ll'.f.wl' Viswalizadion] o the far
right af the Visualizer wintdow.

b, Im the control panel that apens on the ked, click the Edit
bitton in the upper right codner.

€. Imthe window that opens. check Cotumen fegral, then
Close ibe winchow.

T'his techiique is wsed 10 analyze the species conceniration at
a specific poimd i the chamel.

The Technigues window and panel are shown here:

E pevidian] Wav icalin Techaresr [=]

I |
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Step 23 Set up for column integral results
Uiser Explanation
il Along the top window. click on the Front View (1] lcon The columm incegration technique allows you o emualate
b, In the main display, click with the mididle mouss bution on e measurement of species '-'-'”'-'-'""-"'-i_'-'" ['he extractian
e cube pulline ! process creabes dala thal projects a surface plol aver ibe
chaniel. The imensity of the plot shows the species
concenicalion in that location.
. . . J : Ihee Mx, N, and Nz sliders represent the imimler of hoxes
. 'JLIU"'L' thi fop w incliw, elick on the Seale _| . imn Lhe Jarge branding < ubse, across which the integration
and extraction ane io be perfosmed.
d. Click an the culse boumlary; reduee it 1o be alsol 25% The valses obained depend on the siee and location of
larper tham the channel widih the cube. Figure FA-5 shows samphe resalts
¢, Along the top window. click on the Translate K\l
icod.
[ Click on the cube boundary and move it along the chanpel,
g Inthe lwwer right cormer of the main window, select
SH e e (0.
h. Adong the lop window, click back and Torth oo the E and O
icoms Codnlinae unbl youw can position e cube (o whene
imasd ol the specis i located.
i. Each tbme you togele back v O mode. midkdle moase click
ait ibse cube o select il
J+ Inthe lefi panel. move the N, My and Mz sliders 1o.a value
al 2
k. Mexito the Fike el click on the ... lcon and sed the file
TAINE [ GO, BT,
L Click on Extract Mo

HIHWM T YioiWewr bl

Fi

B NI E E

cAET IR ¥

S U Tende e

R -

w [uho Frads. pha
FTuFa. am EORT Y N
* 1
r e
Fa R
L i !
: g |
e rn
| 5

Loe Arouwe .;'1-.-.--:;..;-..

69




14 = Aninpad

------ Hm=m=== mmmmmefeemmem —eme e Pemm e ———=IILJE----
I.HHFSHY HAD A WS HIH B HH fOAHWHIYEGHHT Lo hdAA T e HEY
-1 .41 E{EF2+ Bl -A_SFEEdde+Qd] T.BQfd{dc+Qéd O FEITELC-BE
=0 AI5UEE+ b1 -A_STEEOdo+dd]  T.EQEI1Ic+ded 1. 1M50Ede4DBD
WAHYAIINA T HAH ACWSHI R HH L FOPHUH IR GHET L AR HHT
1.4145EE2- DI -3 STEEIa+Qq]  T.EQEd49c+did 4. 413277c- DA
4. 722992+ I -4 STEEMIa+Qq]  T.EQEA9c+did L ERMNAC- DEA
MoAXSHP a0 HIH ALY HIH e HH fOAHWVHIYECHHT DO WAHPY e HHY
1. 413800+ b1 -4 5FESdla+ddd 7. EQEd1dc+qQed & EI2EETC-BIH
1.3343040 2+ b1 -4 5FEEdda+ddd 7. EQE9c+qQid D LITHENC- B
I.HHESHY  HAD O A THS XY T HH ¢ AHLVH YR HHY 1. H! Y-l HHH
-1 . H{EEF2+ b1 -4 A7 He+ddd T .2QE349c+déd 1 .E{74- ErqBBB
-0 AIGHEE+ b1 -A_ QT T Ie+ddd T EQEd4dc+qQed 1 E390 Ur4DBB
WAHNAIIN T HAH ACTHSST T o HHE JOMHUHINEGHET  ALHIWIHS e HHT
1. 419EEE2-BIE -4 AQTFHa+Qqd  T.EQE319c+did T ERIITdC- DA
4. 7229du2+ BId - _AQFFIe+qqd  T.EQEAIc+did B UBGAN1c- DEA
WS HAH ALTHAS T TR HHL S PHAHIYE CHET AL H e HHT
1. 4198002+ b1 -4 9T T e+qq] T EQETc+did 4, DA IC- DA
1.333040 2+ B34 -4 A9FFHe+ddd 7. EQE9c+qid D EIF9FEC- DA
T.HHFSHY  HAL O oA TIYE  HH fLOAHWHIYEOHHT S HM Y CIIE T HHE
=1 . MEIET2+ B -3 GET130c+qQd1  T.Ed534Ic+ded 1. E311&dc1 BDD
-0 AI54EE+ b1 -3 _GEF11%e+dd]  T.EQEdHIc+déd . EII5- L4 BBB
WCAHMANN HAH AN I HH L O YHUH YR G HHT 1L HTHA BL e HHH
1 =4 GET1192+0d1 7. RAt39c+ded 1 B EATECABBD
y = GET1190+0d1  7.Ed5319c+Qed B ETASTEC-BIEA
[ DORISIIMECHHL FCPHUHTYE OHHT 1L H A HE  HEH
1.4 48002+ b1 -3 G271 19e+qq]  T.EqQEdq9c+did D E7SANSC- DA
1.333040 2+ Bl -3 4ET113e+dd1 7. EQEI19c+qQid 4. E3147Te-BiA
I.HHESHY  HAL O o TAALS P HE fOAHWHIYECHHT AU ASAY RS HEY
=1 %EET2+ B -3 _AGLESTa+qQdd 7. EQEd9dc+did U, GEIML T4 BDD
-0 A954EE2+ b1 -3 _AGLESTe+qQdd  T.EQEddc+did L QTSIECABDD
AHYAIINA T HIH O O TAASS fe o HHI fOAHWHIYECHHT L 1 PHA e HHH
1. -4 4C0ESTe+dd!  T.Edf3{dc+ddd 1. FIESHEC4BBD
y.7 =4 A00ESTe+dd1  7.EdE319c+ded T OITREDC-BEA
u. Do ARG SRIHHL FCPHUHTYROHHT  1LAAAE L HHH
1. 01498002+ b1 -3 _A00ESTa+Qdd  T.EQEA19c+did 1 . Q1ISEEC4 DOD
1,990 2+ b1 -3 ACLESTa+qQqd  T.EQEA9c+did 4. 2119 Eo- DA
I.HHESHY HAL X AN e HH ¢ AHLVH YR HHY .21 M- HHY
=1 %1E1ET2+ b1 -2 _GREDPGa+qQd] T Edfd4dc+ded O FEIINDCA DO
-0 .A954EE2+ b1 -2 _GREDTSa+qQd] T EQEAdc+ded  1.0792 deabBid
N AHYAIINA T HIH P CAVLW e HE fOAHWHIYEOCHHT B0 SeiHHH
1. -2 _G0ER?Se+ddi  7.EAf3dc+déd B FIBE:EC4BBD
. -2 G0ER?Sa+dd!  7.RAt3qdc+ded B {58ICEC4BDD
uA F VHHE 4 PHUHTYROHHT  WLIHARHE HHY
1. 0132002+ b1 -1 GREDVEa+Qd]  T.EQEA1dc+did 1 AT1BA T4 DOD
1.99404p2+ b1 -2 GRERTEa+QQ]  T.EQEAIc+did 1. S1G2%004 DOD
FURUTHa HAL POPPtimle o HHE S PHAHIYE CHET 2 AR HEE
=0 SAGEEE P11 -2L2ECENde+dd  T.EQEAATc+qQid B GDSAEC DD
-0 1950002+ B3 -2 _IREENJe+qQd] T EQEAIc+ded B OBSAIdc BED
P ELPH L UTER E R B LM YL ) fOAHWHIYE G HHT Y AHY HAME  HHEY
-5 ATATEE2+ b1 -2 _JREENJe+qQdi T .EQEddc+ded B ODBGT- Fr4BBD
-L.TBeEQ1+ B11 -2 Je+ddi  7.EQEIIc+ddd B OEIIAICoBED
A IMa R oo HHD  FCPHUHTWE  HHT 3 AHAAAHE  HEY
-2 TE3dET+ b1 -2 _22CENJe+Qdd T E2QEd4dp+qQed  BLOE1SSIBC4 DD
=& 10IYEE+ 11 -2 _2EEENde+dd] T .EQEA1dc+qQed B OGDEAGEC DD
FHATHA R PO HH L FCPHUH IR CHET LR HAR e
-2 A5 2+ Bl -2 2ECENJe+qd]  T.EQEA1Ic+qQed B OIASEDCA DD
-1. 497902+ b3 -2 _JREENJe+qQd1 T .EQEAdc+déd  ELLTGT0UC BB
LLATHIZSan HAL 2 22 HE ¢ AHLVH YR HHY 1. HY S e HHY

Figure 4-5: Sample of File Results
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Step 24: Set up for patential results

User

Explanation

il Along the menu bar, select Edit = el WEIT

b. Change the | Ipper Percentape (HEse o 1D

¢, Click on Update

d. Click an Acsive Fedids.

e, Scmall dovwn amd emalde Peterdiad Dsable any other active
fields

Update and Close the Edit MBIF window.

& Alona the top ol the main window, click on the E { Byl

Visializarion) ivm.

=

From the Visualizer lefi panel, click on Sunfce Vifoes
i. Selectthe Mumcheck boo 1o autematically advance through
Ul soalulion steps.

When finkshed, Stop Visnalizer,
. Click on Done io clase the hierarchical resulls window

=

Matice that cnly the SH Clared Swoe G008 and

AW Charned tiwe (0 il show non-sero paleniial
distrihislinn. This & an intentional space-saving, lechmidue,
where andy the liest mbif stored afler switching relains the
ey piteditial distribidioi.
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Special note about the ';tﬂlr'il-gﬁ al it&alﬂ‘j slate resulls

|:|I> S leBisimm trmsien ! sdmmLaion salaliom (Gles siome stely stle realis Hoch as seloeiy s, v, anl
rurren! density) in anly the First transient mbil file alter switching, All Fiehis that change with time (such as mass
fractions) are visibe in all mhbif lihes

A an additional exercise. the user can pinch the fow by changing the switchBC's to:

Fort Fhase 1 Phase 2

Vo2 0 1] (unpinched Fhase 1 value is )

V.3 13 18 [same values as wnpinched simulation)
V. 6 0 I8 [unpinched Fhase 1 value is 9)

voa 0 18 [same values as unpinched simulation)

and then rerunning the problem. These values are used in Tutorial B.

IF less than 256 Mb of KAM are available. change the Tool parameters so that the post_analysis Cutput Edit window
is set for 0.5 instead of 0.2,
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4.3: Tutorial B

The templates in the shape library offer convenience at the expense of flexibility. In the tutorial just
completed, linear variation of the model is possible, but curved, tapered, flared, or angled channels cannot
be created. If a more complex channel configurations is desired, it must be built using the Layout Editor.

In this tutorial, the T-shaped separator will be created and the capability of constructing channels with
virtually any desired geometry will be explored. The resulting model will be meshed and the horizontal
channel will be electronically constricted by changing the switchBC values. Finally, the simulation results
will be compared with those obtained in the previous exercise.

Step 1: Launch CoventorWare

User il Seart Coventor\Ware T I s mor running.
b, Seloct SwihichSim and enter ermssifosizm mps as e name of the Seting fle

4.3.1: Review Foundry Process File

Typically, a foundry has a process file which is included with its Design Kit. This file defines the
chronology of deposit and etch steps used in the fabrication process. The names of the layers used when
building the model must be the same as the mask names given in the process file.

Step 2: Ofblain mask names [rom process file

User Explanation

it Select the Fourdry tah, Cihserve the nesk names wed inthis process. Thise masks
I Mavigate 1o the switehomss T prOCess file. will Bave ti be ceated in the J.d_'rl.'l B isiace,

©. Hart the Process Edior

'I'Ir-'.ll::ldl‘ﬂ' 12 uiericvnin i L llaungn Dikecdisalrhiimillaseacmbchesnce 1ine
Fle BH -2l
n | KTHT | IWmind I Hezh | XmadicH I EMMI.ISHIK"J in |
St | Ao Maict LagtrHame | Typc | Thkkress b1 EfchDeqrih | Malartiy | Offtsel SkkesalArc
1 [ECTT1ET I YHIESIN [E LR Lrodmmne| m
& Excli wareninsh 10 - DL an
A k11T S [ T [E5 kel (1714 ] LIL
1 Ihh 1anH el + I [LF])
4] ] +

Notice the polarity of the first etch. The shape etched into the first deposited layer is defined by this mask,
and will be a cavity with a depth of 1 micron. Positive polarity would result in the removal of all of Layerl
except the portion covered by the mask.

Layer2 encloses the channel and is not etched.
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4.3.2: Create Necessary Layers (Masks)

Step 3: Open the Layver browser

L lsig A Close the Process Fiditar
by, Seloct the Lavoal tab
= €. Click the Sarr Lapmar Bditer com.
. Click the Layer brwser ioon

In this exercise, the Lavout Editor starts with just a default laver.

E

Flz Luix

wilirsaLAl

15 [a]E3

* e

1 | ~ b | s | -1 ] |
1= [ [+ l=la | I 1TH ITER] .

Stepd:  Create new layers

User

Explanation

A Felecl Laper o New
b Crease a vellow ryer named sserosesd. Click .‘|.||||I.1-
. Creabe a green Toyer named G50 Click Apply.

L e i cyvan Tayer named cover: Click Apply.

The Fmrl'u'u'lnr rodors am mH PR EATY far an accurais
simulation, b are glven so results are visually consistent
with those shevan in this taiorial
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4.3.3: Construct 2-D Channel Layout

Step 5:  Change Active Layer

User Explanation

a. Click Close after the thind layer is created If the masks (layers) do nod appear as shown here. return io
h. Select File = Close i close the laver browser Step & and review,

I:Il|:m| Carrrem fayer |'Ir|||'| towm menn b abserve new
layers.

d. Selern the ||'.urr'.'11'm'.'kl.i_1.'|'r

Le]

Step 6i:  Begin construction

Liser Explanation

i Select the Rectamede ican From ibe vertical wodbar, ]EI'I'IJII|.[||".-_ are defined |:l_'. ithe coordinates uI'IIl-'Ir-:lp||-mI-'
commers. Prdnds can be entered elther by mouse clicks or by

enering the coordinates

) Fl:: S oxhegocEnzr sl 3G

b, Inthe commargl Hee, enter the coordingle puoints 225 2ias
shown,

Step 7: Complete rectangles and adjust view

User Explanation

it Enter the conrdinates 225 -25 in the Command e as Seleding Ve all cinmes e view 10 zoam onl aned cenler.
prevanpie] B complele the firsl rectingle

b. Buill & second rectangle in the same way, using the podnts
[- 253 225 aml (25 225

& Select the View 20 q'l fcom

If an abject is inadvertently placed on the wrong Lyer, ora point coordinate is incorrect, select Modify
|::> = CHyfect from the menu bar and then select the misplaced olject, In the dialog box that opens. make
thee dlesived cosfections and then click Apply.
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If angled, tapered or otherwise non-orthogonal changes to the channels are desired, those changes are most
easily made at this point.
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Step 8 Demonstiate edge movement

User Explanation

il Select AN aoglhe dnpunt he AR asygle foper icon is above (he fectagle ioon, ad
b, Fram the menu bar, select My = o pdgn offers twi aplines Trom s diop dowi meen.
€. Select the horlzontal reciangle.
d. Select the left edge. Mave the edge dghi or ke, then click I'his demoastralion is included o show a ool capability. (F
oy o-dencheor the edge al a new location. o b one change is masde, meke sune each change is

. Click the Liodk leon do restore the arlginal dimenslons. [EILATEEN

Step 9 Demonsirate poind movemeni

User Explanation

it From the menu bar, select Modify = move podar. Select the drop-down mesu i e Diedo loolbar icon and
eisige all changes have been undone, or delege bath

b, Select the verical reciangle. ! .
reclangles and repeat Steps G and 7.

€. Select the upper right verex

. Move ihe palnt and shserve the changes. Click to anchor
il poainl.

o, Click the Liodk leon do restore the arlginal dimenslons.

The procedure for creating curved surfaces is more complex and is beyond the scope of this tutorial. The
mesh used in this tutorial will not work with curved surfaces.

Step 10 Combine rectamgles (o create a polygon

User Explanation

il Select Modlify = Beolean = or from the menu bar. Since bt rectangles reside vn the same layer, the ardes of

b Sedart thve rectanghes In any order selection will nod affect ibe resaili,

¢, Observe the change when the second recianghe s selected.

The Layout Editor recognizes the resulting shape as a polygon. There are several ways to create the cross.
This way was selected because it is straightforward and because it demonstrates the Boolean functionality.
Another option is to select the Polygon icon and either point and click on vertices on the canvas, or
sequentially enter the vertices in the Command Line.
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Step 11: Save cell and library

Liser

Explanation

Selecl Cell = save Trom the men bar and name the cell
LTS

il

=

Select File = save and name (he Hbrary swiichoress. cal.

Requrn v the Functlon Manager and ohserve the new path
anil File name in the Layow Geld, and that the ezl name
CTirRE AP in the I|:-|||'|'|| field.

Select the Soifd Meadal ah.

=

=

Ihese speps preserve e e dimensional el amd
inlentify it to ibe Solid model builifer.

4.3.4: Build 3-D Model

Siep 12: Set Options

User

Explanation

it Cherk ibe Create Inverse of Device (Megate] oplion.

by, Oibserve that the ke being created will be named
Switeheross faverdsar, This Tile name will appear by

defaull in the Sofd Woded field.

By selecting the Cieate fiverse oplion, analbject in ibe foem
of the miodel cavity is generased.

Eln Tk Habn

Lq.luu:l Faaredne SdM f-'D-dﬂl llll:s-lll nmh'sls-l SwrambRiking

Mracass  Comscrs"rims R _Doskar_ARSrsakchS Do swi e rass. prac
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Step 13 Build and view 3-T1 model
User Explanation
i Click on Badld Model Crtisesrve Uhe default name deve Fae the ohjec il i

enateial and status. IF che mode] d

v 10l appear, ch
ke sure the Layers created match the nssk names in the
process file. and that tbe tap cell name appears in ihe Tap
Cell field oo the Layoud cal

b, When the Visaalizer opens, selecd fsmmeric viea

¢, Middle click on the
fieraes
d. Selert

I 1o select i and |'|\.|::.-_'. s

10 rhose the Visialiner,

LRl

¢, Hedurn to the Layoul Edilor amd select Sife = e,
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4.3.5: Create Mesh

Step 14: Sel mesh parameters

User Explanation

A Sedect the Mesh dab and clear the wa rr|i11g hio, 'his mesh afproximilis the mesh ereated in Tulorial A

b, Under fprfas, select the Menbatian firfcd) meshing Mamhatian meshing will nol wodk il varialion to the skepe
— ; ' " {ewrved, tpered. of angled clannels) resulis ina non

wrihogaral siraciare.

¢, Advance 'm'rl,ng.s delanh \sl'l1i1|!_l;¢ am 'ﬁ.'llit.larrlr_'.' foor ihis
ENRICISE.
. Select the Livear element ander

(=]

o Under Flemeey stee comral uncheck the Choase ool
el sizo box and enter 3 for bath the X-Dir and Y- Dr
elemen sides.

Ender 1 For the £ Dir elememt slze
. There are no constralnts.

= =

Tenke Ha

Lasaie] Fanrdr:| SolRodnt Mesh | anaists] smoem g |
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Step 15 Create mesh

User

Explanation

il Click Create Mesh. This process may lake several
Tk e,

b, When the Autoklesher is finkshed. the Visualizer will op

Select e Frot Fiesand michitle-click on the « 1 i
display b mesh.

rfault name of the part Is fevert 2. Change this i

[
f

This mesh will nod b vis
L] ial. hul will p

resailis

Vi Tk

s | IR

r ra
e T N T R
Eard o ird
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1.- Hurw
ki FoL Selaslco

HG e IR N Rt ¥

Hewwk 4RI
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Step 16:;  Change part stafus

User

Explanation

it Inthe panel on the left, vheerve that the Material Is
LINEREFINE D and the Statis B ol

b, Llse the
. Click Update s update the file.

i msenu (o change the status o Quid

Since the water in this simulation is Muid, the status mst be
changed. The change may be made eicther ar chis
Sleg LK.
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4.3.6: Changing Patch Names

Step 17:

Rename channel end patches

User

Explanation

”~

=

i Click Paiches.

b,

Middle click on the abject. The defauli name ganich 4 will
appear in e Alaawe field. Select Hide Sebected Patch.

L Selert e fsowmefe vicw
. From the menn bar, select Faly = Edit moael change the £

seale io 50, and click Update.
. Close ibe it Model dialog box.

Rename the channel end patches using the same patch
naines used previoasly. Review Step 7 of tle provios
tutiial if mecessany.

. Select File = save o save the changes. and Fife = (il i

close the Visualizer

Fatch sames are changed 10 corespoid i positions on a
clock for ease of referencoe

4.

3.7: Solver and Tool Setup

Step 18 Check the Model Type

User

Explanation

u

L

I

=

o

.

. Selert the Amadyststab of the Function Manager

Select the MicrofTeidics Sedvers Calegory and the
Swirelsim Type.

Select switoheress devert o From the drop-down menu i
il dloes oot appear by defaudt i the lapal Tield. Select the
Vi ABIF icon af the dight end of this fedd

Under Musdel Infio, select mames.
. Verlfy that the Model Type Is Mot
Click OK.

e simulation will nol sun if the Model Type is movatb
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Step 1% Change volumeMaterials

User Explanation

it Under BModdel [nfo, select veluweMaierizls The fludd theat fills the charmel and wansponts the species

b, Under Maieriad, click on UNDEFINED 1o open 2 dialag st be defined. In this step. the propenies of waler ane
hox : assiged 60 the chamel valume.

¢ Inthe Madesfal fleld, click the armow to e right 1o open a
drp-down mmemi.

d. Select Water.

¢, Click Read From Database io populate the table with
material characienistics for waler,

[ Click Close.
. Click OK o close the volwmeMatenial dialog box,

Step 20 = Verily pateh names

Liser il Select padclies and ensure the fowr chamnel end paiches have been named correcily
b, Click Close.
. Click Dome fi close the Mkl faf pane].

rriFacs conbicion IrshkzHame ncanaYaclor ssars s paxchHaire
16 wwer_1_- A DO0 130 1D 0de 00 -2 Z5CedDd ¥ G
16 a1 il 100 010 1A0  Lzowdlz LAk bl v
pL'] | L] L W Il 11} S LU WL UL LA Legu w_1
palch1% id L L L, lard uME -{Jr upe Lo L ithan LA T

4.3.8: Solver and Tool Setup

From this point, the procedure is the same as that in Tutorial A except for two values in the SwitchSim
boundary conditions.

Step 21 ;. Use Boundary Conditions from previeus tutorial

Ulser A Seleci Sobver Sd‘“l]'h... b apen the Tosd wimndow,

Iy, Refer o steps 00 through 14 (page 57 ) of Tutorial A for Boandary condiilans.
€. When the Phase parameters have been set, click OK o close the Phases dialog hox.
d. Proceed with Hll'p 22t sel the Swich hclu|||hr_|,- conditions
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4.3.9: Setting SwitchSim Boundary Conditions

Step 22 Set Switch Boundary Conditions

User

Explanation

it Select SwitchBCs From the SwilchSim BCs contred panel
Iy, Eiit ibe Phase valinges acconling (o these sediings

Patch Phase 1 Phase 2
Forrl W12 i} ]
Fartz W 3 15 18
Forrd W i K} 18
Fortd W 9 i} 18

Click OK o close each Fdit Phase Wnltage dialog box after
eileging the correct vakues.

Iis Tueorial A, the Phase [ voltages for Ports 1 amil 3 weee sel
a1 These valwes are reduced (o 0 veldis in this simulation io
inihice pinch

lin llnlg

Wt Ut Viat |

Hil b 1 | mhicsunt g

Pom_i 1 = [Pizscphape

Il _L b _u =l age:

Himl 1: ol [Pt Agn

Do_% Icre: =] Mizsautaps

Poam_ix ﬁ:m =M A

bl i | l|iceiunt g

rom_E e =] [Mizsaveape

ll ﬂ I'MASC_T: nr FOCI =1
Mhasc_g: m Fhacil =1
Mhase Z: ILl Fharil pd
Hleian 1 [ Ieckd B
Hici4H b DL eced =
Phase_{: L [Foacit =
Mhasc_7: i Fharil =1
Mhasc_E: L |Fbacil =
Step 23 Begin Simulation
User Explamation

A Click QK io close the Switchs |1ii|I-:||3 [Eak

Simulate
&, Click QK tosave seilings when pruru[llrﬁ

b, A1 b batssan of the SwitchSim BCs coniml ||i|m|_ click

It Is o good ldea io save settings so that In the event of a
system problem. he bowmdary conditions and vdber Gaciors
will mut have b be re-emlered.
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4.3.10: Simulation Results

Ot sl tegral Giaph il coibpare iesidts with Tutarial A The graphs ae peesented i Figuee 46 and Figuee 4.7,

Figure 4-6 spIntegral Results from Tutorial A

Figure 4-7 spIntegral Results from Tutorial B



Step 25:  View the Simmlation Results

User Explanation

ik Sear dhe Visuallzer Al this poind, there is mo ohservable difference betwesn the
b, Select Visuaze list wisible resulis amed those oltained in Tuterial &
o« Select Ssomere wew and mormaiis
. Click on the E lcon for

©, Select Mol MR
I Click on Acstve Flaids

. Uncheck the & andl Esplacamens flelis

h. Check the Mass Fraction § ield

me visuallzatlon

i. Click om Update and then Close the window
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Step 26 0 Compare and contrast resulis

Llsea oo through the list using the == foon umil switcheross tinse 006 @ displayed. Comparne this view swith il

view following Seep 1% of Tuvorial A. Ohserve the effect of pinch on the madel.

(R T L TE R UL L TR
Fh Zu. the Twad daen
B 1| TR TR B

) e P | e

E.

5"-.L| |F‘ £ E|o

.

@ faware mEEL DYHEN
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[ 1=k
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Ild:oim EE e e = |

Figure 4-8 Species Without Pinch
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Figure 4-9 Species With Pinch
Step 27: Further Analysis
User Explanation
The prest-simulation analysis steps of Talorial A can be T'his simalation can be epeated wilh variations in valiage.
duplicated bere if desired time frame, density or switch conlipuration
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4.4: Reference

This section explains the SwitchSim windows and the setting options available in each one. The window

map in Figure 4-10 is an overview of the SwitchSim solver flow.
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Figure 4-10 SwitchSim solver flow
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4.4.1: Tool Window

When the user selects the SwitchSim solver the Tool window allows the user to set the parameters for
running the fluidic solver.

Fle Hzli
cadnak | Ferdicd Eehaiecrd
e i |r.nuum jll’.rlrrnln. j rdr
Ame-nrin | Lk | Timeren | Trircaren
Iicamnie |I|||M||1I :I (W1} Il.lulnl:u jl e 4
kg | 1fiRbmn | fmibyre sk | Ilmsician
Seethps: [FereTact = |[one = |[cariker 1 o ;n
oK | carcel | Head 2- |
S
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[ T |

Sl Mo ETTTIC TR TE [}
kLT | MIHMEr i1z |I'II FasHual Toleranoa: mn
E10TY 1 ll Lamzel mrendi gfT=n =l | unlkix a4
DTMak: I ArfaksikanD Defaf.1 Satrd Satasl: 1]
(ETITTY I Meman_ Lzt 1

il ianeal <K ol

e  Controls/Method

The Navier-Stokes equations used in the microfluidics solvers are non-linear and require an iterative
approach to solving problems. The solvers adjust a variety of variables as part of the solution method,
allowing them to solve both straightforward problems with single solutions, as well as more complex
problems with multiple local minimum or maximum values. This setting is only active for the FEM tool.

o Coupled: The coupled solver is the default choice for the microfluidics solvers. This
iterative solver is recommended for most problems, and can handle steady state and
transient flows.

o Segregated: The segregated solver solves each degree of freedom in the problem
separately and consecutively. Thus, the three momentum equations for flow in the X, Y,
and Z directions and the pressure and energy equations are each solved separately. This
approach uses less system memory at the expense of a longer solution time. It is
recommended for problems containing more than 1000 parabolic bricks.

e Controls/Advanced Controls

Several different tolerances may be set depending on the non-linearity of the flow problem.

o Solution Tolerance: Convergence value setting. The default value of 0.0001 may be reduced
if the solution is not fully converged.

o Residual Tolerance: Applies only to the FEM tool. Similar to the Solution Tolerance;
controls the Flux of a particular quantity.

o Upwinding: A numerical solution stabilization technique that prevents solver instability.
Occasionally, the solver will be unable to complete its calculations due to mesh anomalies. If
this occurs, change this value to 1 (second-order stabilization) or 2 (first-order stabilization).
FEMTool only.
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Relaxation: Specifies relaxation factors for the degrees of freedom in the system. The value
of 0 is the default relaxation setting and is recommended for most solutions. The value of 1 is
a more conservative setting, recommended for more difficult solutions such as a high
Reynolds number or a high Peclet number. The value of 2 is the most conservative and is
recommended for solutions that diverge when using the first two options. Optimal values are
problem-dependent, and can be derived only by trial and error.

Memory Use: The default setting is -1, which allows the software to allocate memory as
required. For large 3-D problems, or to avoid unnecessary swapping, the user should set this
value if the job is larger than the RAM memory. A suggested range is 2/3 to 4/5 of actual
RAM. This setting applies only to the FEM tool. The FVM tool uses dynamic memory
allocation; the solver allocates as much memory as it needs.

e Transients/Analysis

o

Steady: Performs a steady state or time-independent analysis. The solver will attempt to
converge to an answer within the number of steps given in the Edit window MaxIncrement
setting. The default value is 30, but the segregated solver may require that this value be
increased.

Transient: This setting sets up the transient simulation. Five time steps are set: Start: Time to
start simulation.

Delta_T: Time interval for simulation. It should be set to a very small number, about 1e-6
times the Stop value for variable time steps. When using FVMTool or FEMTool/fixed
timestep, Delta-T should be set using a Courant number. The Courant number is

Y
Ax

where V is a characteristic velocity, delta X is the grid size, and delta T is the timestep. The
Courant number should be less than 0.1 for accurate solutions. When using the Variable
timestep, set Delta T to a small value

Stop: Time to stop simulation.

DTMax: Applies only to the FEM tool. When TimeStep is set to Variable, sets the maximum
range for the time step. If set to 0, it is ignored. It should be set to 0, except for complex
problems, where it should be set to 1/100 of the total simulation time (0.01 * (Stop - Start)).
Output: Specify time increments at which the mbif files are written. For example, a setting of
0.2 writes an mbif file every 0.2 seconds for the duration of the simulation.

e Transients/TimeStep

This controls the time step of the overall transient analysis. The FVMTool always uses a fixed
timestep.

e Variable: This time stepping control default value is the optimal setting. The solver
determines the time step value at any given point in the solution. With a variable setting,
the solver can use small time steps at the beginning of the problem, and larger steps near
the end when the solution is nearly complete.

® Fixed: This time step is used for special problems. An example is when the solver would
increase the timestep in the variable mode with steps that are larger than the time in
which the effects that are studied occur. In highly viscous flows the actual start-up effects
of the flow might be skipped. The Fixed time step also needs to be set if the Response
option is used in the Transient Boundary Conditions. With the Response option the
steady state situation is calculated first and switched off. Fixed timesteps are very
efficient when using the coupled solver.
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Transients/Tolerance

Tolerance of a physical time step in the transient analysis. Examining the mass conservation plot
at the end of a transient simulation may check the accuracy of the solution. Depending on the mass
conservation plot results, the tolerance value may be increased or decreased from the default
setting of 0.001.

Analysis Settings/Tool name

o

o

FEMTool: The FEMTool uses the Fidap solver. Fidap uses parabolic finite elements, and
is more accurate for coarse meshes.

FVMTool: Uses the Fluent solver, which is capable of handling large models (hundreds
of thousands of ele-ments), therefore allowing significant decrease in computation time
and memory. The FVM tool gives more robust convergence for high Reynolds numbers
or more complex flows. It also allows designers to use non-conformal meshing at fluid-
fluid interfaces. Users can mesh different parts of the model with different tools, and then
merge them into one model without worrying about nodes being coincident on the
interfaces between separate meshes. This tool only supports linear bricks and linear tets.
Three-dimensional meshes must be composed of linear bricks or linear tets. Two-
dimensional meshes must be composed of linear bricks. Slip boundary conditions,
volumetric velocity, and volumetric temperature boundary conditions are not supported
with this tool.

Use this tool for non-dilute problems, where the electrical conductivity is a function of
the species concentration, or for coupled thermal electrokinetic problems where the
electrical conductivity is a function of the temperature.

Analysis Settings/Analysis
Sets the type of analysis to be performed. Dilute is the only choice.
Analysis Settings/Species

Specifies the number of components present in the flow, including the carrier fluid.
Choices are Carrier, Carrier+1, and Carrier+2.

Analysis Settings/Dimension
o 3D: Tells the solver to run a three dimensional solution with dimensions
X,Y, and Z.
o 2D-Axi: Allows the user to run a two dimensional axi-symmetric solution.
The model has to be generated in the XY-plane and should be 1 element
thick in the Z direction. The X-axis is the axis of symmetry and the Y-axis
is the radial coordinate.
o 2D: Allows the user to run a two dimensional solution. The model has to be
generated in the XY-plane and should be 1 element thick in the Z direction.
No boundary conditions may be applied to surfaces, which lie in this X-Y
plane.
OK
Applies changes to the window, but does not continue with SwitchSim. Control returns to
the Analysis tab window.

Next

Applies the changes made in the Tool window; opens the SwitchSim boundary conditions
window.
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4.4.2: SwitchSim Boundary Conditions Window

The SwitchSim BCs boundary conditions window allows the user to choose windows to specify load
conditions for the SwitchSim fluidic solver.

[ttt |
Hin
EJUETL 4
fram Tool window I I
Sl
e Each bution opsms a window
(described separately). Each
opened window retrns control
AL E . tey thes heeranchilcal wirndow
APECRIVHERL S
mardnis
Phases
ZWkdIBCE
- Stams SwilchSim solver
Returs o the Tool window  gf——-Bxk| Cancy Shrwimne——Jin- Opens results and Visualizer windows

I?'drui: TEUms o

.'-'l.l'l.al:ll‘_‘l-'_u Tab winclow

SurfaceBCs
Opens window (see page 94) to set surface boundary conditions, such as velocity and pressure.
VolumeBCs

Opens window (see page 97) to set boundary conditions that affect an entire volume, such as temperature
conditions.

Species

Opens a Species window. Note that this button does not appear if the Tool window is set for a Species=1
value.

SpeciesSurfBCs

Opens window (see page 102) to set surface boundary conditions for species present in the carrier fluid.
SpeciesVolBCs

Opens window (see page 104) to set volume boundary conditions for species present in the carrier fluid.
Transients

Opens window (see page 106) to set conditions for transient calculations.

Phases

Opens window (see page 108) to set times when switching events occur.
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SwitchBCs

Opens window (see page 109) to set switching voltages at the phase times specified in the phases window.

Simulate

Launches SwitchSim solver.

Cancel

Does not proceed with SwitchSim solver; returns focus to Function Manager window.

Surface Boundary Conditions Window

The SurfaceBCs window sets patch surface boundary conditions. Fix types and load conditions for these
surfaces can be specified in eight Sets within this window. When setting up conditions, the LoadValue
button needs to correspond to the appropriate boundary condition. Not all combinations of boundary
conditions and LoadValue can be used.
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SurfaceBCs

This display-only column allows the user to define up to eight boundary condition sets for the model.

Fix Type

Enables pull-down menu with many load type choices:

o

Wall: This represents a “no slip” (zero velocity) boundary condition at the selected patches.
No LoadValue is applied.

Velocity: Possible LoadValues are Velocity and Vector.
X-Velocity: This option specifies a uniform velocity in the X-direction. The option is very

useful when applying symmetric boundary conditions for which the velocity perpendicular to
the axis of symmetry is 0. A Scalar LoadValue is used.
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Patch1,2,3

Y-Velocity: This option specifies a uniform velocity in the Y-direction. The option is very
useful when applying symmetric boundary conditions for which the velocity perpendicular to
the axis of symmetry is 0. A Scalar LoadValue is used.

Z-Velocity: This option specifies a uniform velocity in the Z-direction. The option is very
useful when applying symmetric boundary conditions for which the velocity perpendicular to
the axis of symmetry is 0. A Scalar LoadValue is used.

Pressure: A constant pressure on the selected patch is specified. A Scalar LoadValue is used.

Symmetry: The selected patch is a plane of symmetry. It is important that the entire problem,
not just the geometry, is symmetric. No LoadValue is applied.

FlowRate: The flow rate follows the sign convention of all boundary conditions. A positive
flow rate is along the normal of the selected patch. In Coventor software the normal always
points to the volume, so the FlowRate is into the patch when a positive value is specified. A
Scalar LoadValue is used.

Temperature: Applies a constant temperature on the selected patch. A Scalar LoadValue is
used.

Voltage: This boundary condition applies a constant potential on the specified patch. Note
that a potential difference must be specified; therefore, two Voltage BC specifications are
required. A Scalar LoadValue is used.

Current: This boundary condition applies a current through the specified patch. A Scalar
LoadValue is used.

Wall Effects: This boundary condition allows the specification of electroosmotic effects in
the flow. EO_Mobility LoadValues can be used. Slip wall effects also can be taken into
account with the Slip Load-Value.

Choose any of the patch names previously set up.

Load Value:

Choose from several load types. Each type uses a different edit window; the entire set of edit windows is
shown as part of the LoadValue explanation.

o

o

Scalar: one-dimensional quantity, such as pressure load or temperature.

Vector: Used with the Velocity FixType. This defines a uniform velocity profile in the
direction of the vector specified on the selected patch.

Velocity: Used with the Velocity FixType. This is a quadratic, linear or constant polynomial
in all three directions for the velocity on the selected patch. For each velocity U x, Uy, and

U z a separate polynomial can be given. For example, Pouiselle Flow in a pipe yields the
following profile:

I = (:[1 -( ;:,ﬂ]

where C is a constant and Y 0 is the pipe radius.
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For this example, the Edit Velocity window below requires that only the first U x line needs
to be filled in. The following column values are required for this window:

ColumnA = C, ColumnC = -C, ColumnY v *=1. All remaining columns are zero.

The example shown is filled out for the constant C = 5.

W] L] o ] 1| H g ) = e 5 g e o
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2 Ll L K1) [Fl] 1l ul LI 11} L
g o

O  Slip: The Mean Free Path and the MAC (Momentum Accommodation Coefficient) are used
in the slip equation to study wall effects in microchannels. It is used exclusively with the Wall
Effects FixType. The slip velocity at the wall can be expressed as follows:

I"lJL L |

Slip Veloeity ~ o il |
S walt

where ['is the velocity, @ is the direction normal to the welocity, ¥ is the streanmwise momentum accom-
measlation, expressed as follovs:

where 5 is e momentum scoommodation coeflicient (MAC), Usoally, o, =1 bat it con vary within Uwe
range 0 < o <1,

K is the Knudsen number, which can be expressed as:
MeanFreePath

B Characteristiclength

If this walue s smaller than 001 the slip effect is neglected.
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o EO_Mobility: This setting enables the representation of the electroosmotic effects on the
walls through a mobility that defines the velocity achieved by the charged carrier at the edge
of the double layer in the electric field. Note that this implies a relaxation of the no-slip wall
boundary condition, since the near- wall region is no longer solved. The EO_Mobility is a
positive number for a negatively charged wall. (In other words, a positive value will result in
flow towards the negative electrode.)
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O Partial_EO: This setting measures the EO mobility when the surface properties change across
the length of a channel. To use this LoadValue with a specific patch, define a volume where
the surface changes occur with the first six entries, and enter the new EO mobility for this
region with the last entry.
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Variable

Setting for Simulation Manager. A Fixed setting (the default) uses constant Load Values, which are not
changed during a Simulation Manager run. When a Load Value is to be a variable modified by a Simulation
Manager trajectory, one of eight SW_BC variables can be used, corresponding to the lines in the
SwitchSimBC Simulation Manager setup window.

Transient

Setting for transients surface boundary condition. A Fixed setting (the default) does not apply transients.
When a Set is to be modified by a transient event, one of two Transient variables are available for
assignment. The variable is defined in the transients window (see page 106). With this technique a periodic

pressure or input flow can be generated. By setting the Transient variable the input on that node set is
coupled to the waves or function defined in the transients window.

Volume Boundary Conditions Window

The VolumeBCs window sets volume boundary conditions. Types and load conditions for these volumes
can be specified in Sets within this window.
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VolumeBCs
This display-only column allows the user to define up to eight boundary condition sets for the model
BCType

Enables pull-down menu with several choices:

o none: Does not apply a boundary condition to the volume.

o  Mass Flow: Specifies a mass flow in three directions—Mx, My, Mz. The Mass Flow LoadValue
is used.

o Velocity: Applies a velocity to the selected part. A Vector, Velocity, or InputFile LoadValue is
used.

o Heat Generation: Heat can be generated in a part. The part is usually a solid and not a fluid. A
Scalar Load-Value is used.

o Temperature: Applies a fixed temperature to the selected part. A Scalar LoadValue is used.

o E-Field: The E-Field in the volume can be read from a pre-computed mbif file. Use the InputFile
LoadValue and specify the directory path.

o Temperature Cycle: Applies a temperature cycle to the part.

Part
Enables pull-down menu with a list of all the parts modeled and stored in the mbif file.
Load Value

Choose from several load types. Each type uses a different edit window, shown below with the LoadValue
description.
o Scalar: Used to specify a one-dimensional value, such as Temperature or Heat Generation.
o Mass Flow: Used to specify a three-dimensional value for Mass Flow.
O Velocity: Used with the Velocity BCType. This is a quadratic, linear or constant polynomial in all
three directions for the velocity on the selected part. For each velocity U x, Uy, and U z a separate
polynomial can be given.
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o PreCompute: Decouples the momentum and species equations. The velocity is pre-computed and
an advection-diffusion analysis for the species follows. No LoadValue edit window is used.

o Input File: Specifies a result mbif file from another simulation as the source data input initial
conditions. The default directory is the directory from which the software is launched.

Variable

Setting for Simulation Manager. A Fixed setting (the default) uses constant Load Values, which are not
changed during a Simulation Manager run. When a Load Value is to be a variable modified by a Simulation
Manager trajectory, one of eight SW_BC variables can be used, corresponding to the lines in the
SwitchSimBC Simulation Manager setup window.

Transient
Setting for transients surface boundary condition. A Fixed setting (the default) does not apply transients.

When a Set is to be modified by a transient event, one of two Transient variables are available for
assignment. The variable is defined in the transients window (see page 109).

Species Window

The Species window allows the user to specify the species characteristics used for the simulation. The
species present are in infinitely dilute form, therefore material properties are not needed. The Tool window
must have Species set to Carrier+1 or Carrier+2 to access this window. Carrier+1 results in a single-column
Species window, and Carrier+2 results in a dual-column Species window.
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species

This view-only window lists the species parameters that user can specify for simulation: Molecular Weight,
Diffusion, Mobility, and Conductivity.

Species_2, Species_3

Designates the type of parameter to be specified. Choices include:
o Constant-Scalar: Constant with a single value over the entire field.
o Polynomial-T: Polynomial function of temperature. Six constant coefficients are allowed to
enable the definition of up to a fifth order polynomial.

o Polynomial-V: Solves for non-linear electrophoresis. The user enters up to six polynomial
coefficients.

For non-linear electrophoresis problems where the electrophoretic mobility changes
significantly, oscillations may be observed in the solution. These can be damped out by
turning on Upwinding (from the Advanced button in the Tool window) and setting the
value to 1. After running a simulation, the user should check the spIntegral results table
carefully. It may be necessary to adjust the Tool window Timestep to Variable, and the

Tolerance value downwards (in the range of 1.0e-03 to 1.0e-06) to improve mass
conservation.

o Polynomial-T,VO0: This setting is not currently supported in SwitchSim.
o Table-T: Tabular form for defining temperature-property pairs. Linear interpolation is used for
intermediate values.

Edit window

Specifies the parameter value in this window. Window format dependent on the parameter type specified.
The Edit window variants are shown on page 104.
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Species Edit windows

Each LoadValue type selected from the Species window uses its own format for entering parameters. The
windows are described in more detail in this section.

Constant-Scalar
Constant with a single value over the entire field.
Polynomial-T

Polynomial function of temperature. Six constant coefficients are allowed to enable the definition of up to a
fifth order polynomial.
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Polynomial-V

Polynomial function of electric field strength. Used to calculate non-linear electrophoresis. The user enters
up to six polynomial coefficients.
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Table-T
Tabular form for defining temperature-property pairs. Linear interpolation is used for intermediate values.
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Species Surface Boundary Conditions Window

The speciesSurfBCs window sets surface boundary conditions for the species. Fix types and load
conditions for these surfaces can be specified in eight Sets within this window. When setting up conditions,
the LoadValue button needs to correspond to the appropriate boundary condition. Not all combinations of
boundary conditions and LoadValues are possible.
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This display-only column allows the user to define up to eight boundary condition sets for the model.
Species

Can choose either Species 1 or Species 2 for the setting.

Patchl1,2,3

Choose from any of the patch names previously set up.
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Load Value

Choose from several load types. Each type uses a different edit window; the entire set of edit windows is
shown
as part of the LoadValue explanation.

o Scalar: a fixed value on a patch.
o Inj_Gaussian: the injection of a finite width Gaussian stream of species through the patch. The
Full-Width at Half Max (FWHM) value can be defined in seconds or in microns.
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o Inj_Plug: the injection of a finite width square plug through the patch. The Length of the plug can
be defined in seconds or in microns.
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Variable

Setting for Simulation Manager. A Fixed setting (the default) uses constant Load Values, which are not
changed during a Simulation Manager run. When a Load Value is to be a variable modified by a Simulation
Manager trajectory, one of eight SW_BC variables can be used, corresponding to the lines in the
SwitchSimBC Simulation Manager setup window.

Transient

Setting for transients surface boundary condition. A Fixed setting (the default) does not apply transients.
When a Set is to be modified by a transient event, one of two Transient variables are available for
assignment. The variable is defined in the transients window. With this technique a periodic pressure or
input flow can be generated. By setting the Transient variable the input on that node set is coupled to the
waves or function defined in the transients window.
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Species Volume Boundary Conditions Window

The speciesVolBCs window sets volume boundary conditions for the species. Types and load conditions
for these volumes can be specified in Part sets within this window.
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This display-only column allows the user to define up to eight boundary condition sets for the model.
Species

Can choose either Species 1 or Species 2 for the setting.

BCType

Enables pull-down menu with several choices:

o none: Does not apply a boundary condition to the volume.

o Fixed: Fixes the selected volume.

o Initial: This boundary condition is used only for transient flow analysis. A patch needs to be
associated and selected in order to pose a numerically correct problem. The selected method enters
Mass Fraction into the flow as desired. The transient problem needs a Dirichlet BC for the
concentration, which is chosen to be 0 on the selected patch. Thus, the selected patch should be far
enough upstream in order for the Mass Fraction not to reach the patch at any time.

Part

Enables pull-down menu with a list of all the parts modeled and stored in the mbif file.

Load Value

Choose from several load types. Each type uses a different edit window, shown below with the LoadValue
description.

o Scalar: Used to specify a one-dimensional value, such as Temperature or Heat Generation.

o Location: Confines the concentration, given by the Mass Fraction, to the selected minimum and
maximum values of X, Y, and Z. The software finds all nodes that are within these bounds and
applies the Mass Fraction. If the minimum and maximum in any direction are left unchanged (i.e.
zero), it means that “no filter” is applied in this direction. Using this LoadValue can lead to solver

uncertain-ties, due to the sharp edges created by the Location setting. The Gaussian setting is
preferred.
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Gaussian: Applies a Gaussian distribution according to the following formula:
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where A is the amplitude, and o is the change in a particular direction. Typically, only one
dimension is given a non-zero ¢ value, which results in a plug of species given a Gaussian
distribution in one axial direction. The Gaussian setting greatly reduces solver instability, and is
the preferred LoadValue for most calculations.

Thex 0,y 0, and z_0 values in the Edit Gaussian windows define a flat peak on the Gaussian plot
in the x, y, and z-directions, respectively, from

h={x- alh) = xlh
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Input File: Specifies a result mbif file from another simulation as the source data input boundary
conditions. The default directory is the directory from which the software is launched.
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Variable

Setting for Simulation Manager. A Fixed setting (the default) uses constant Load Values, which are not
changed during a Simulation Manager run. When a Load Value is to be a variable modified by a Simulation
Manager trajectory, one of eight SW_BC variables can be used, corresponding to the lines in the
SwitchSimBC Simulation Manager setup window.

Transient

Setting for transients surface boundary condition. A Fixed setting (the default) does not apply transients.
When a Set is to be modified by a transient event, one of two Transient variables are available for
assignment. The variable is defined in the transients window.

Transients Boundary Conditions Window

The transients window enables the user to specify boundary conditions associated with transient
calculations. Transient variables can be assigned in the SurfaceBCs or VolumeBCs window, and the type of
transient response to use for the problem can be specified in this window. Two different transient types can
be specified. For any transient analysis, the appropriate parameters should be set up in the SwitchSim Tool
window.

Transients are restricted to the following boundary condition settings: SurfaceBCs—Velocity,
X,Y,Z Velocity, Pressure, FlowRate Temperature, Heat Flux, Concentration; VolumeBCs—Heat
Generation.
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transients

This display-only column allow the user to define up to eight boundary condition transient sets for the
model.

Transient
This column allows assignment of one of two transient curve variables: Transient] or Transient2. The

equivalent TransientBC1 and TransientBC2 variables are assigned in either the SurfaceBCs or VolumeBCs
window to a desired parameter for transient analysis.
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Curve Type / Edit

The SwitchSim transient capability allows one of four different transient waveforms to be specified for the
analysis. The specific waveform characteristics are specified in the Edit window accessed from the Edit
button. These Edit windows are further described below.

o Square: Assigns a square wave as the transient curve. The square wave can be controlled by
adjusting its period, split (duty cycle), or amplitude.

o Periodic: Assigns a periodic curve as the transient. The periodic curve can be controlled by
adjusting its period, mean, or amplitude.

o Curve: Assigns a table of time step and property values in order to create a customized curve.

o Sawtooth: Produces a sawtooth waveform.

Variable

Setting for Simulation Manager. A Fixed setting (the default) uses constant Load Values, which are not
changed during a Simulation Manager run. When a Load Value is to be a variable modified by a Simulation
Manager trajectory, one of two FluidBC variables can be used, corresponding to the lines in the fluidBCs
Simulation Manager setup window.

Transients BC Edit CurveType Windows
Each transient LoadValue type selected from the Edit CurveType window uses its own format for entering
parameters. The windows are described in more detail in this section.

Square

The square wave can be controlled by adjusting its period, split (duty cycle), or amplitude. Period is the
time between the start of two consecutive square waves. Split is a value between 0 and 1. If Split is 0.5, the
square wave is at its maximum for half a period. If the Split is 0.3, then the square wave is at its maximum
for 30% of the period. Amplitude is the maximum value of the square wave.

Periodic

The periodic wave can be controlled by adjusting its period, mean, or amplitude: Period is the time between
the start of two periodic waves. Mean moves the periodic curve vertically (up or down). Amplitude is the
maximum value of the periodic wave.

Curve

The custom curve is described with a table of time step and property values. Users can enter up to 10
different sets of time and amplitude values to simulate almost any type of transient curve.

Sawtooth

The sawtooth is described with a combination of time and temperature values, along with a slope
specification for the sawtooth angle.
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SwitchSim BCs / phases boundary conditions window

The tables allow the user to set the switching time intervals for the simulation sequence. The voltages
corresponding to each phase are set in the switching boundary conditions window.
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Phases

This display-only column allows the user to define up to eight different phase times for switching to occur.
Time

This column allows assignment of a phase time. Times specified are intervals; the cumulative event time is
the sum of all specified phase times. The solver stops at the first phase duration time of 0.0. The total
simulation time is equal to the sum of the phases.

Variable

Setting for Simulation Manager. A Fixed setting (the default) uses constant Load Values, which are not
changed during a Simulation Manager run. When a Load Value is to be a variable modified by a Simulation

Manager trajectory, one of eight SwSimBC variables can be used, corresponding to the lines in the
SwitchSimBC Simulation Manager setup window.
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SwitchBCs Boundary Conditions Window

The SwitchBCs window allows the user to set the voltage value for each port of the switch structure, with
each Edit/array entry corresponding to the phase time set in the Phases boundary conditions window.
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This display-only column allows the user to define up to eight port voltages for the switch structure.
FixType

This column allows assignment of either PhaseVoltage or PhaseCurrent as the phase type. The
accompanying Edit button allows access to an Edit window. This additional window, shown above on the
right, includes three columns:

o array: Read-only column with eight entries, corresponding to the eight possible phase time
intervals in the phase table shown on page 108

o Field: Allows specification of a voltage or current value for that specific phase.

o Sim: Allows tagging the entry as Fixed or Variable for Simulation Manager use. Only the rows
tagged as Variable in this window are affected by the SwWSimBC variable assignment in the
SwitchBCs window.

Variable

This setting is used for Simulation Manager. A Fixed setting (the default) uses constant Load Values,
which are not changed during a Simulation Manager run. When a Load Value is to be a variable modified
by a Simulation Manager trajectory, one of eight SwSimBC variables can be used, corresponding to the

lines in the SwitchSimBC Simulation Manager setup window.

Only the rows tagged as Variable in the Edit window are affected by this variable assignment.
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4.4.3: Simulation Results Window

The fluidic simulation results window allows the user to choose windows to view result tables and mbif file
paths used during the computation.
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fluidDomain

Opens window (see page 111) to display table of fluid results.

spIntegral Table

Opens window (see page 111) to display table of spIntegral results.

spIntegral Graph

Opens window (see page 111) to display graph of spIntegral results.

fileArray

Opens window (see page 112) to display directory paths of all saved mbif files.
files

Opens window (see page 112) to display directory path of solution results.
Done

Closes window and returns control to the function manager window.
File/Print

Enables printing of individual window results to a single file. The text format file can be used to interface

to other programs such as Microsoft Excel. The file is located in the directory from which the software
starts.
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Fluid Solution Window

This fluidDomain window displays the results from the SwitchSim solver.

# i Jrman [_ ]
lin llag
il Dovnaln L1 1nin Wil mean

Ukl L i

HHlinaty [T (1]

Tk [ 1] 0.0

& WehaLiy i 1L.18]

[HT

fluidDomain

Lists the type of velocity for the solver solution. Maximum velocity as well as the individual X,Y, and Z
components are displayed.

Maximum

The maximum velocity calculated by the solver. The value shown is an absolute value.

Minimum

The minimum velocity calculated by the solver. The sign of the value is derived from the normal vector; a

minimum value can represent maximum velocity. If the value in this column represents the maximum
velocity for the model, the same value will appear in the Maximum column.

Close

Closes window and returns control to the hierarchical Simulation Results window.

SplIntegral Table and Graph Solution Windows

These windows display the numerical and graphical species mass results from the simulation. The transient
time and output step settings for the table and graph are set in the SwitchSim Tool window.
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spIntegral Time

This column and abscissa display the output step intervals set in the SwitchSim Tool window. In the above
example, output mbif files are written every 0.2 seconds, and the mass results are displayed.

Mass
This column and ordinate display the species mass in the carrier fluid.
Close

Closes window.

Results / fileArray window

The FileArray window lists the directory paths for each output mbif file written during the simulation. The
number of files is determined by the output time step length and total transient simulation run time, as set in
the SwitchSim Tool window.
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Result Files Window

This Files window displays the path to the result mbif file.
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Section 5: ReactSim

5.1: Introduction

The ReactSim microfluidics module provides 3-D numerical modeling of multiple chemical reactions.
These potentially competing reactions are modeled with full support for fluid flow coupling between
species of varying densities, diffusion parameters, and electrokinetic variations. ReactSim supports
chemical reactions in the volume of the fluid and/or on surfaces.

Applications include designing microchambers for chemical reactions and species transport, designing the
containment of reactions in processing nodes, making detailed quantitative measurements of microchemical
flows to calibrate and validate simulations, and building on-chip bio-assays for genetic diagnostics or
environmental monitoring.

5.2: Tutorial

This simple tutorial deals with the study of gas-liquid catalytic reactions in flat plate microchamber reactor.
In this reactor, gas and liquid reactants are brought into contact through a porous membrane. A catalyst
deposited in the opposite wall enables the reaction between species. The tutorial shows how to design such
a channel by having the user perform parametric studies of channel dimensions, the reaction rate constants,
and the diffusion coefficients. The simple reaction chamber is shown in Figure 5-1. Inlet, outlet, and wall
boundaries are used for species introduction and transport.

inlet

/7 Ll

bewall ik

Figure 5-1 Initial chamber model with patches identified

113



5.2.1: Initialization

Step 1 Create a new project directory

User

Explanation

il Starl Covenlor saftware,

b. In the Projeces windaw thal apens, select the
Imepout Tetorfals icai.

€. In the window opens, select Reaedor,
d. Click on OK.

project disectony.

[ Click on Open.

¢, In the Prajects dialog window, select the ReacrSim

When you select the ReactSim direciony, the software copies tlis
irectary 10 yous work disectony. All the iles needesd for the
tutarial are stared in this directory, and the saftware defaulis
the appropeiate direciogies when looking for & file. For delails on
filo ai ardalion, peded 1o the File Orpanization section ii (e
Referemoe Guide.

The sefiware also creates a default sedtings lile named

R K.

5.2.2: View MBIF

In this section, you will need to rename two patches on the installed channel.mbif model so the proper

boundary conditions may be applied.

Step 2: Set up file window

User

Explanation

ReactSimAlevices direciony.
. Click on View MBIF

it Inthe functlon manager window, click on the Amadysis ab
b, Set yvour Japt Mesh e path o the chammedsabi ile inotbe

Yo need 10 aceess the Visualizes o fename patelses fod
the simulation.
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Step 3: View MBIF tasks
User Explanation
A Itk Visualizer Comiral ||i|r-c~| e window, click om St I'he wall |M|I'||.!’.‘\. are remamed so ihey can be

Visualizer

Sed the display For a normalleed Bomeiric view using

. With the mdddle remese butian. click an the near sigde surface
named wiill

d. Change the name ta fwail click on Update

Hide the o witke |:-ur|'||

YWiddle click an the now-visible lar sile surlace also namel
il
Change the name ta fwail; click on Ulll_']ah?

distinguished Tor boundary condition setup.

See Figure 5 2 fof idetificalion.

. Click om Fileat (b tap o the Wisualizer wintdow,

Fram the ]|||]| drvn e, click on Save As
In the SaveAs window that opens, click on ihe

Tt
o Do phee BileDdiabog windhw Chial oquens,
iy i!_l;.lrl' ta yoarr ractSime Thevires rIin'rI-:lr_c
M e mewe Tiler cfusmoriedr andol click am QR
. Back in the Saveds window, click on Write MBIF Flle

. Inthe Visaalizer Contral Panel witdow. click an Stop
Visualizer.

Ulick om Diome in (b Baslel Info swirsdos.

You have provided new names (o the former waill
paiches, and saved the work inoa new mbif file

CE T ] iy ]
T e - - v
e dEEE -
T | RS = [ = = L
_.I aw
CoH W+ i
il I=Fu b n
ErH L
LI 1= -
o henloo [ean
[ret =y re- =] |_ir j Er—
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inlet

twrall
bravisl] ullet
Figure 5-2 New patch Names for channelr.mbif File
Step d:  Set aip and review ReactSlm parameters
User Explanation
. From the Analvsis tly, change (he T Mesh file field do the | = These windows are unchanged From those In the inbial
v ede b Flle you fust created. MemCFI tatorlal, with the exception of tbe new paich
b Click om the View MBIF icon oL

Il

Fram the Model Info window, click on names, and review
ihe windaw.

. Click om (TR
e, Click om volumeMaterials

Click o AT ER sl verily the malerial rIIIIrII'II-'l!'.‘- lar st
shovwn in the Edic Material window.

Click om Close in the Edit Material window and on OK in
ihoe volume b aterials windmw:

. dick om patches.

Review the listing il!_l(lil'ﬁl ihe |Iingr.n|| sherwn i Figore 5 2

Ulick om Close,

. Click on Daome in the Model Trli window,
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5.2.3: ReactSim

Use ReactSim, to set up the parameters for channel analysis.

Step 5: Set up HeactSim Model window

User

Explanation

A o the Adaalysis window, seleel Mivrawidies Solvers Fiom
the ¢aregary pualll-dhivwn anestn.

b Select MoactSin oo ik Fpe pall-dowe me.
. Sed the Execation Mods v Ieeractive.

. Create a solutions directary in youws SeactSimSolaioes path
toabane the iechamical resalis. Name it ex .

e Ulick on Solver Setup.

Ihis turorial wses thie ol libe yoon crested in the firg
PernCELY notarial.

117




Step 6i;  Set up ReactSim Tool window

Liser

Explanation

il Hed the ReactSim Tool window for Steady state with a
Varizdde TimeSiep.

Iy, Sed for a 20 analysis using a Carvier+ 3 specles selting,

€. Sed the remaining fields as shown

. Click on Nexi

T'he wiskdonw is set For transport of & carrier e, 2
spieciess Tor reaction, anid & thind species as the rection
el

lin i

anhnk | Ewhinl iabarnzl
MITINT T H |I:|||:hd j Limiik j i

Armmrartied | o | E - | T

el |s|mr..- j ed tneil vl 1

Aizhsk | TaaHanc Sparics | (1] I | Anadysls
Sulng: |IIHI|||l jll:.- il jl:n:- jllluu -

| e || senc
Step 7 Set up and review ReactSim Species parameters

User

Explanation

i From the ReaceSim BCs windaw, click on Species.
Iy, Sed the species cond ibans as shown (o the window
¢ Clickon OK

Y are seiting the parametess for the 3 species
hescTarel in e Tesal windon
The species product reguines andy 2 DilTusion seiting,.
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Step 8:  Set up and review ReactSim surface boundary conditions
User Explanation

A From the HescrSiome BCs wimilosy, click om SurfaceBCs.
b 50 Hall Fix e Fiwr 1= |x|r|'I||-e\. il dneali fuse the o

designativn)

€ Bela X lediedny Fixl ype T the |M|I'|I foted; sl a acalar valoe
af 24

d. St Sarfree & FinType Tar the patch fovalh alse sef g

Reartion LoadValee and a e f Reaction type varlable.
e Click om OB i the Surface BCs window

Species 2 enters through the fwall boundary. Species 1

roiers IhrIHI!_[h the inket with (b It.|||'|'i|'||'|l Irl'|-:lrll_'!.'_ anid
the reactlon s set ta oeeur a the bodiom Sl The
Reactions window defines the Exoi varlable.

lin Il4ip

Nulbns kx| loime Palin o i Tinmlabi a4 licn:lan 1w |
a1 fiwan L T LT T T I cenl *|iunn /i card
3 e I I ffwne o =|fscar 2 fird v |ric ||t
et Gintare Aun | | ol w | | jhmrnm - Fik Frarat || Aur v | |Fhant
il .  fm Ll (T | T j}amm - I cenal | nn ||l o
Fi mic e e e = ffcaar un o | | [rern
S0 naic B I T T a0 ffed  wlleme [
I ;e * fum | faw jl&mh. - I cenal | nn ||l ot
EL ) (LIAL] il LI | nnu il LU "'lh:ﬂm e 11 cHl il 1LY ||l cd
|

ﬂ L] TE ]
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Step 9

Set up amd review ReactSim species surface boundary cond

User

Explanation

a. Click on speciesSurfBCs
b, Sed Sperles Fio the det patch and o Loadalue of 1.
€ Sed Specles Zio the sl patch and a LoadValwe of 5.

d. Click on OK in the speciesSurfBCs window:

Comeeipration vialues ane assigned.

(I

E-LHGE TN L1 H - Falihl Fal: B 1icaltlin LUy -1 Ihnrmnl b
EL L) 1 : L] L (LTRL] L LU :I ELT] - ni I cud ||l eead :
Scz z L“Nl Il |LLLL el LLLY j Al l 5] Fieail  ||Fbaxil il
50 mre = uoie e e _=lfcam - 13 A [T =
EL L) (LU : mne L (LTRL] L LU :I}i:!hl - nn I cd L I ezad :
EL LY LLLLL T | LT Bl |(LILL] aal| L] :Ih“b" hal ILn | ed it L2 L] il
St mre = [ioee wlfmie v = |[ean - (1] Fral [Pl =
o=z EE T R | oo e e
sl mnM ¥ e | imnu el LI Tlh:ﬂm b L | ed ||l erad e :I
il o
ﬂ (EITE)
Step 10: Set up and review ReactSim reaction parameters
User Explanation

a Click on Reactions.

b Sed o Sarfee reaction with a resclion e of 2. 5+07

. 5 e Species coelTicients as shown

d. Click on OK i e speciesburfBUs winidow

€. Check the VolameBCs, speciesVol BUs and mamsients
windows to be sure they are inactive.

£ In e hierarchical swindow, click on Slmalate.

Yo are deliming the parameters far the reaction
varlable 8xal that you previvusly assigned for the
Sunface fxn boundary condiglon

The Cosfficients (403,013 are used jn ihe exquation na
+ mB = pl o+ gl). The reactanls must be negatlve
mumbsers, while the prodoct must be positve,
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Step 11:  View the Reactsim table results
User Explanat

i In the Simulstion Besales window click on fluid Domain o

b.

wiew the simulagion resulis

Click on Close.

The wirelow lists the maximam arel minimuum
wvelocites in the XY and & direciion for pressune
driven Thrws

[RIEL-]
Nuclhirmcn Ltzanum
Unlnaks Al m
W ety ADGEIEN L]
mbndy A AT IR T AAT?AA T
LT ITE ] [[L 1]} mwm

|
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Step 12: Start the Visualizer

User

Explanation

aP

b,

From the Viswalizer Contral Panel mepn bar winddow, click
an Start Visualizer.

Sed the Isometric Yiew orentation and Kormalize the
visw

. Click on Vohume Visualization (E icon) alang the top ol

e Wisualizer wirdow.

. From the Visualizer menao bar, click an Eaiy = Eef WiTF
» Click on Aesive By,

Check the Mass Fraction J. Mass Fraction 2, and Mass
Fraciion 3 fields.
Update and Close e window,

. In the Visualizer lefi panel, aliemately select Mass Fractiar

1, Mass Fraction 2, anil Mass Fracio 3,
View the resules: see Flgure 5-3

. When finished. Stop Visualizer
. Click o Do 1o close the kerarchical reslts window.

I'he simulation is For a reaction of twe species. while
the prciduet is the thind species. Species 1 is dissolved in
waler anil enters theough e inlet. Species 2 enters by
diffusion (or spme ather mechanism) theough the
paris 1o wall, whete it has the maximum
concentration of (L1, The reaction oocurs al the boiom
wall, where there is a catalyst which canses i
reactions 1o oo I vou look at the concestration
prafile of Species 2 it is maximim al the wop twall and
mininaim at the botiom bwall. Adse. there will be a
reduclion in Species 2 concenlralion moving
downstream with the Row (and likewise for Species 1)
while Species 3 (ihe prodact of the reaction, amd
selocied as Scalas 1) will incresse in conceniralion
moving dowastreanm.

—

.
.

ds ke

T alr

- re bk

Aaps Tonduce i

JEE i
T .

""‘.

A liml s s

_I'
-

LY

Loy

Figure 5-3 Species movement through the channel

5.2.4: ReactSim Preparation for SimMan

In this next sequence, you will investigate the effect of varying the diffusivity of the species in transport by
using the Simulation Manager. In preparation, you’ll need to change the boundary conditions to include a
variable which can be assigned and for which a trajectory can be applied. While the ReactSim Model and
Tool windows also must be con-figured, they should already be set if you are completing this tutorial

sequentially.
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Steqr 13 Set up and review ReactSim parameters

User Explaiation
il Imthe Analysis window, click on the Solver Setwp bufion You are modifving the diffusivity for Simban, and will
b, Click on Mext in the Toal window s the SN0 setiing as a tajeciory incrensental valae.

YWou need o Cance! when finished because simulaiion
comibral is through the Simulation Marsger. However,
youd setlings afe sl saved.

€. From the ReaciSim BCs window that appears, click on
Species

. Otk Diffusion lime for Species 1. change the Vary 1
colamir from Fieed o BY BT

e, Click on OK.

L Click on Cancel in the ReaciSim BCs window,

LipAriae B =

FAC HEAL

FOWTITTS Rrazian 1 wreyp A Spariee 7 Wry 7 Rrwaziar 1 Wrep 1 —
MWrirrnle WAAmMG (CFrisArSs T 14mr Foml  =|fronrad. b x Falll Fhird = Foswanl.Gr x nn Awr1 |
DMk [Coidanss. = an A1 =lonsean Se.. x N Fucd = fansoant 5e.. = 0 Akl =]
Mol My ddysy | Coslandc_ - 1100 [feen rlfonscun.ce_ = e Fiacd = fcanscan.5e.. =l Lo RAwal |
-:nlulumwmm-.;- Coslansc. 7 11 [Foen =l fonsoun £, =) (1] Fiucd = fcanscant Sr... x| oo [Rwr =] =|
" | ol

ﬂ Cacd

5.2.5: SimMan

The remainder of the setup uses SimMan.

Step 14: Setaip SdinMan Model window

User Explaiation

A Inthe Amalvsis window, sebect Mamamend Simadarion from the The solver uses this window For path information.
Categary pull-down men

by, Salerl Sz from the '|:i1|w~|u||1 towm men

. S the ."r.'|l||.u Meshiile ||.'|I'I| wr e samme e et e
v have been using,

. St the Fyorurion Yo i feteractive

&, Create a solutions direclory in the Erwrr_\'l'ﬂ.l.-'_\'o.ﬁr.'l‘r.lrn|'|.a1|| [[H]
stare the selver reslis. Name il 5wl

f. Click on Solver Sefup
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Step 15:  Set up Simbdan Tool window

User

Explanation

A I the Simbdan Tood swirglow sel the salver o SeacrSim
b, Click on Next

The Simulaiion Manager uses EeaclSim o compale a
salition fof the trajectory sequence that will be run.

Step 16:  Set the SimMan trajeclory

User

Explanation

it Inthe Shmddan BCs Seidngs window that apens. click on the Phe diffusion is vagied Froom SUO0 o 25000 0 5 steps.

trajectory hution
Iy, Sed the 61 Trajectory Type o Delfa
¢ Click on Edit.

d. In the Edit Debia window, set the Increment values as shown

bl

e, Click on 0K,

=

. Click on DK,

o=

. In the labe] column for t1, delete “017 and tvpe = Diffusbon.”

Yo' re sedting the values so the Simalation Manager
s 5 sels ol coqgutalioa

The Label columm places a wser-defined Lahel as ilse
absciss annntalion,

Mlimpeap [ [r=
T - LT -1
Ty | TrajarnoryTps2 | Labd
" I - 1an | lwaan s 1
I [ = 1 dil 6 (ke f
1 lwmre =] FH ]
Shap A

ll Lannzel

ﬂ Al

Step 1T:  Assign the HeactSim variable

User

Explanation

Click on the rsSimBCs hulion.

o Sed the RS BCL line trajeciony 1o (5.
o Ulick on QK.

. Click on Simulate

=P eI =

e 11 irspjescory is assipned o b &£% BT variabide
nggﬁl in he h||r~r|ﬂ window, The simualation staris
When Hnished, a Simulation Resuls window appears
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Step 18 View the SimMan resulis

User

Explanati

Click on Velocity Table to view the simulation results.

Wik the nesulis.

il Close the windows,

T'he tabde shows the five trajectory steps, with
increasing 5000 imcremsents. The velacity does not
chamgse &s a funclion of dilfusion.

" P My [ 15 bz L1 WK Wt s
HHp 1 i | oA mee EATCEETTTL I L ELE E T uni 1] n A m i
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Step 1% Start the Visnalizer / review results

User Explanation

i Fram the Vismalizer Contmal Paned menn bar window, click The complete meirix ol 5 steps for each of the theee
an Start Visualizer, il Vitws is sl it | igire 5-4.

b, Click on Vismlize List Yo' re Fimished with this itorial segment.

Click on the Isomedric View bution
d. Click on Volime Visualization

¢, Review the Mass Fracitan {, Mass Fractfon 2, aml Sealar §
mesudis,

f. Seop Visualizer,
& In the stmalation resules window, click on Dome

o

Mass |raction 1 Mass Fraction 7 Sealar 1 product

/

Diffursion =H000

/

Diffursion = 10000

Drffusion = 15000

/

Deffusion = 20000

W
111
i

Drffusion = 25000

N - T R |
E 0= o3 e G e ees " - B4 - o t “ &

Figure 5-4 Mass Fraction and Scalar Results as a Function of Diffusion
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5.3: Reference

This section explains the ReactSim windows and the setting options available. The window map in Figure
5-5 is an overview of the ReactSim solver flow.

Sohver and Tl s
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Figure 5-5 ReactSim Solver Flow
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5.3.1: Tool Window

The Tool window allows the user to set parameters for running the ReactSim solver. Most of the
information in the tool window provides the instructions to ReactSim. For fluidics, an important setting
illustrated in the tutorials is the choice of solving as a 2-D, 2-D-axisymmetric, or 3-D problem.

lin I
anlmk | Pwhul ribamm:al
Eidnis: |I:|l|:b|d j ik j (]
Amacrarinl I LILLN | Timakmp I Takrswn
I immale |s|u||-..- j ] 2 - I unnm 1
kb | TaaHIC Sperics | Dhiresi | Hrayzls
KHlng: |IIHI|||I jll:.l i+l jl:n:- jllluu -
x | (ETTHT | LT |
EET]
LI | TR A o
FexsHinl_Toleraneca: nn
il " Wadrerenane fLi HNjremdo gt T=nA=lnd nnlee LE]
:Ru_l: ] |
RrizemikanD Defaf. | Satr 2 Satesn nn
L 14 | Loz —
Sioic WEman sk 1
Il ez p.o
P v an_| o |
14 (T T

Controls/Method

The Navier-Stokes equations used in the ReactSim solvers are non-linear and require an iterative approach
to solving problems. The solvers adjust a variety of variables as part of the solution method, allowing them
to solve both straightforward problems with single solutions, as well as more complex problems with
multiple local minimum or maximum values.

o Coupled: The coupled solver is the default choice for ReactSim. This iterative solver is
recommended for most problems, and can handle steady state and transient flows.

o  Segregated: The segregated solver solves each degree of freedom in the problem separately and
consecutively. Thus, the three momentum equations for flow in the X, Y, and Z directions and the
pressure and energy equations are each solved separately. This approach uses less system memory
at the expense of a longer solution time. It is recommended for problems containing more than
2500 elements.

Controls/Advanced Controls

Several different tolerances may be set depending on the non-linearity of the ReactSim flow problem.

O Solution Tolerance: This parameter is used to set the convergence criteria for the solution vector.
It is defined as the norm of the change in the solution vector. For the coupled solvers the residual
tolerance is also checked to determine convergence. For large problems, the default value of 0.01
will ensure a solution in a reasonable time. For smaller problems this value may be decreased even
further.
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Residual Tolerance: The residual tolerance sets the convergence criterion for the norm of the
residual force vector. The change in the force vector needs to be below this number for
convergence.

Upwinding: The upwinding parameter controls the addition of streamwise upwinding (tensor
diffusion) to the various equations. The additional diffusion is generally useful in stabilizing the
solution and preventing over/undershoots in time integration. The value of the upwinding
parameter can be 0, 1, or 2. A value of 0 specifies no upwinding, a value of 1 switches upwinding
on, and a value of 2 is first order.

Relaxation: Specifies relaxation factors for the degrees of freedom in the system. The value of 0
is the default relaxation setting and is recommended for most solutions. The value of 1 is a more
conservative setting, recommended for more difficult solutions such as a high Reynolds number or
a high Peclet number. The value of 2 is the most conservative and is recommended for solutions
that diverge when using the first two options. Optimal values are problem-dependent, and can be
derived only by trial and error.

Memory Use: The default setting is -1, which allows the software to allocate memory as required.
For large 3-D problems, or to avoid unnecessary swapping, the user should set this value if the job
is much bigger than the RAM memory. A suggested range is 2/3 to 4/5 of actual RAM.

Transients/Analysis

o

Steady: Performs a steady state, or time-independent, analysis. The solver will try and converge to
an answer within the number of steps given in the Edit window MaxIncrement setting.
Transient: This setting sets up the transient simulation. Five time steps are set:

Start: Time to start simulation.

Delta_T: Time interval for simulation. It should be set to a very small number, about le-6 times
the Stop value if variable time step is used.

Stop: Time to stop simulation.

DTMax: When TimeStep is set to Variable, sets the maximum range for the time step. If set to 0,
it is ignored. It should be set to 0, except for complex problems, where it should be set to 1/100 of
the total simulation time (0.01* (Stop - Start)).

Output: Specify time increments at which the mbif files are written. For example, a setting of 0.2
writes an mbif  file every 0.2 seconds for the duration of the simulation.

Transients/TimeStep

This controls the time step of the overall transient analysis.

o

Variable: This time stepping control default value is the optimal setting. The solver determines
the time step value at any given point in the solution. With a variable setting, the solver can use
small time steps at the beginning of the problem, and larger steps near the end when the solution is
nearly complete.

Fixed: This time step is used for special problems. An example is when the solver would increase
the timestep in the variable mode with steps that are larger than the time in which the effects that
are studied occur. In highly viscous flows the actual startup effects of the flow might be skipped.

Transients/Tolerance

Tolerance allows the specification of the local truncation error (convergence) within each time step in the
transient analysis. In general, the solver iterates to this convergence limit at each time step before
continuing. Examining the mass conservation plot at the end of a transient simulation may check the
accuracy of the solution. Depending on the mass conservation plot results, the Tolerance value may be
decreased from the default setting of 0.001.
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Analysis Settings/Tool name

o FEMTool: The FEMTool uses the Fidap solver. Fidap uses parabolic finite elements, and is more
accurate for coarse meshes.

Analysis Settings/Species

Refers to the total number of components present in the flow. ReactSim supports up to 4 additional reaction
species in addition to the carrier fluid. Choices are Carrier+2, Carrier+3, or Carrier+4.

Analysis Settings/Dimension

o 3D: Tells the solver to run a three dimensional solution with dimensions X,Y, and Z.

o 2D-Axi: Allows the user to run a two dimensional axi-symmetric solution. The model has to be
generated in the XY-plane and should be 1 element thick in the Z direction. The X-axis is the axis
of symmetry and the Y-axis is the radial coordinate.

o 2D: allows the user to run a two dimensional solution. The model has to be generated in the XY-
plane and should be 1 element thick in the Z direction. No boundary conditions may be applied to
surfaces which lie in this X-Y plane.

Analysis Settings/Analysis

Sets the type of analysis to be performed, depending on the concentration of the fluid. Dilute and Non-
Dilute are the choices.

OK

Applies changes to the window, but does not continue with ReactSim. Control returns to the Analysis tab
window.

Cancel
Does not apply changes to the window. Control returns to the Analysis tab window.
Next

Applies changes to the window; opens the ReactSim boundary conditions window.
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5.3.2: ReactSim Boundary Conditions Window

The ReactSim BCs hierarchical boundary conditions menu window allows user to choose windows to
specify load conditions for the ReactSim fluidic solver.
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SurfaceBCs
Opens window (see page 132) to set surface boundary conditions, such as velocity and pressure.
VolumeBCs

Opens window (see page 136) to set boundary conditions that affect an entire volume, such as temperature
conditions.

Species

Opens a window to specify species characteristics.

speciesSurfBCs

Opens window (see page 140) to set species surface boundary conditions.
speciesVolBCs

Opens window to set species volume boundary conditions.

transients

Opens window to set conditions for transient calculations.

Reactions

Opens window to set conditions for the reaction.
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Back

Closes the ReactSim BCs window, and returns to the ReactSim Tool window.
Cancel

Does not proceed with ReactSim solver; returns to Analysis tab window.
Simulate

Launches ReactSim solver.

Surface Boundary Conditions Window

The SurfaceBCs window sets patch surface boundary conditions. Fix types and load conditions for these
surfaces can be specified in eight sets within this window. When setting up conditions, the LoadValue
button needs to correspond to the appropriate boundary condition. Not all combinations of boundary
conditions and LoadValues are possible.
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SurfaceBCs

This display-only column allows the user to define up to eight boundary condition sets for the model.
Fix Type
Enables pull-down menu with many load type choices:

o Wall: This represents a “no slip” (zero velocity) boundary condition at the selected patches. The
no-slip boundary condition is an assumption that is made in Newtonian Fluids. No LoadValue is
applied.

o Velocity: Velocity is set at a patch. The specification is in the form of a quadratic polynomial in
all three directions. For each velocity component, a separate polynomial can be provided. Use with
Velocity Load-Value.

132



X-Velocity: This option specifies the X-component of velocity to uniform value. The option is
very useful when applying symmetric boundary conditions for which the velocity perpendicular to
the axis of symmetry is 0. A Scalar LoadValue is used.

Y-Velocity: This option specifies the Y-component of velocity to uniform value. The option is
very useful when applying symmetric boundary conditions for which the velocity perpendicular to
the axis of symmetry is 0. A Scalar LoadValue is used.

Z-Velocity: This option specifies the Z-component of velocity to uniform value. The option is
very useful when applying symmetric boundary conditions for which the velocity perpendicular to
the axis of symmetry is 0. A Scalar LoadValue is used.

Pressure: A constant pressure on the selected patch is specified. The pressure is input as a normal
stress to the computation. A Scalar LoadValue is used.

Symmetry: The selected patch is a plane of symmetry — all fluxes normal to this plane are zero,
as is the normal velocity component. It is important that the problem is symmetrical and not just
the geometry. In general, it is more efficient to use the X-, Y-, and Z-Velocity settings to apply
symmetry if the plane is parallel to any of the axis planes. No LoadValue is applied.

MassFlux: A Vector LoadValue is used.

FlowRate: The flow rate follows the sign convention of all boundary conditions. A positive flow
rate is along the normal of the selected patch. Because the normal always points to the volume in
Coventor software, the FlowRate is into the patch when a positive value is specified. A Scalar
LoadValue is used.

Temperature: Applies a constant temperature on the selected patch. A Scalar LoadValue is used.
Units are in Kelvin.

Voltage: This boundary condition applies a constant potential on the specified patch. Note that a
potential difference must be specified; therefore, two Voltage BC specifications are required. A
Scalar LoadValue is used.

Current: This boundary condition applies a current through the specified patch. A Scalar
LoadValue is used.

Wall Effects: This boundary condition allows the specification of electroosmotic effects in the
flow. EO_Mobility and Slip LoadValues can be used.

Surface_Rxn: Sets the surface at which the reaction occurs. The Reaction LoadValue is applied
(with no value). A reaction variable can be assigned on this line and defined in the Reactions
window.

Patch1,2,3r

Choose from any of the patch names previously set up.

Load Value

Choose from several load types. Each type uses a different edit window; the entire set of edit windows is
shown as part of the LoadValue explanation.

Scalar: one-dimensional quantity, such as pressure load or temperature.

O Vector: Used with the Velocity FixType. This defines a uniform velocity profile in the direction

of the X, y, or z vector specified on the selected patch.
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O Velocity: Used with the Velocity FixType. This is a quadratic, linear or constant polynomial in all
three directions for the velocity on the selected patch. For each velocity U x, Uy,and U za

separate polynomial can be given. For example, Pouiselle Flow in a pipe yields the following
profile:
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where {1s a constant and ¥y ls the plpe radius,

For this example, the Edin Velociry windew below requires that only the fiest L7 line needs o be filled
In. The fellowlng column values are required for this window:

ColumnA = ¢, Columnll = -£ EnlllnLni’5.2= 1. All remalning columns are zero.

The example shown is filled out for the constant 7= 5.
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Slip: Used with the Wall Effects FixType. The Mean Free Path and the MAC (Momentum Accommodation
Coefficient) are used in the slip equation to study wall effects in microchannels.

Mcan_Fros_M'ah o

MAC oo

[T
The slip velocity at the wall can be expressed as follows:
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wlere [Mls the velaclty, o ks the directlon normal to the velocliy, o ks the streamwlse momenium accomma
dation, expressed as follows:

where o is e momentum accommasdation coefficient (MAC), Usually, &, =1 bul it can vary within te
range 0 = &y, <1
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K is the Kmsdsen munber, which can be expressed as

MeaiFreePatl

B CharacteristicLength

LE this value is smaller than 0.01 the slip effect is neglected.
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o EO _Mobility: Used with the Wall Effects FixType. This setting enables the representation of the
electroosmotic effects on the walls through a mobility that defines the velocity achieved by the
charged carrier at the edge of the double layer in the electric field. Note that this implies a
relaxation of the no-slip wall boundary condition, since the near- wall region is no longer solved.
The EO_Mobility is a positive number for a negatively charged wall. (In other words, a positive
value will result in flow towards the negative electrode.)

o Reaction: Used with the Surface Rxn FixType. No setup or LoadValue window is used.

Variable

Setting for Simulation Manager. A Fixed Variable setting (the default) uses constant Load Values, which
are not changed during a Simulation Manager run. When a Load Value is to be a variable modified by a
Simulation Manager trajectory, one of eight RS BC variables can be used, corresponding to the lines in the
rsSimBCs Simulation Manager setup window.

Reaction

Sets the reaction type variable. Choices are Rxn1 through Rxn8. The reaction variable that is assigned is
defined in the Reactions window.

Transient

Setting for transients surface boundary condition. A Fixed Transient setting (the default) does not apply
transients. When a Set is to be modified by a transient event, one of two Transient variables are available
for assignment. The variable is defined in the transients window. With this technique a periodic pressure or
input flow can be generated. By setting the Transient variable the input on that node set is coupled to the
waves or function defined in the transients window.
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ReactSim Volume Boundary Conditions Window

The VolumeBCs window sets volume boundary conditions. Types and load conditions for these volumes
can be specified in Part sets within this window.
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VolumeBCs

This display-only column allows the user to define up to eight boundary condition sets for the model.
BCType
Enables pull-down menu with several choices:

o none: Does not apply a boundary condition to the volume.

o MassFlow: Specifies a mass flow in three directions—Mx, My, Mz. The Mass Flow
LoadValue is used.

o Velocity: Applies a velocity to separate or decouple the species calculation from the flow
calculation. The setting is valid only if the species flow does not influence the carrier fluid
flow. A Velocity, PreCompute, or InputFile LoadValue is used.

o Heat Generation: Heat can be generated in a part. The part is usually a solid and not a fluid.
A Scalar Load-Value is used.

o Temperature: Applies a fixed temperature to the selected part. A Scalar LoadValue is used.

o E-Field: The E-Field in the volume can be read from a pre-computed mbif file. An InputFile
LoadValue is used.

o Temperature Cycle: Applies a temperature cycle to the part. A Scalar LoadValue is used.

Part
Enables pull-down menu with a list of all the parts modeled and stored in the mbif file.

Load Value

Choose from several load types. Each type uses a different edit window, shown below with the LoadValue
description.

o Scalar: Used to specify a one-dimensional value, such as Temperature or Heat Generation.
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o Mass Flow: Used to specify a three-dimensional value for Mass Flow.

o Velocity: Used with the Velocity BCType. This is a quadratic, linear or constant polynomial
in all three directions applying a uniform velocity profile on the selected part. For each
velocity U x, Uy, and U z a separate polynomial can be given.
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o PreCompute: Decouples the momentum and species equations. The velocity is pre-computed and
an advection-diffusion analysis for the species follows. No LoadValue edit window is used.

o Input File: Specifies a result mbif file from another simulation as the source data input initial
conditions. The default directory is the directory from which the software is launched.

Variable
Setting for Simulation Manager. A Fixed Variable setting (the default) uses constant Load Values, which
are not changed during a Simulation Manager run. When a Load Value is to be a variable modified by a
Simulation Manager trajectory, one of eight RS BC variables can be used, corresponding to the lines in the
rsSimBCs Simulation Manager setup window.
Transient
Setting for transients volume boundary condition. A Fixed Transient setting (the default) does not apply

transients. When a Part is to be modified by a transient event, one of two Transient variables are available
for assignment. The variable is defined in the transients window.
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Species Window

The Species window allows the user to specify the species characteristics used for the simulation. The
species present are in infinitely dilute form, therefore material properties are not needed. The Tool window
Species options are Carrier+2, Carrier+3, or Carrier+4. If set to Carrier+2, a two-column window appears.
If set to Carrier+3, a three-column window appears. If set to Carrier+4, a four-column window appears.
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Species

This view-only window lists the species parameters that user can specify for simulation: Molecular Weight,
Diffusion, Mobility, and Conductivity.

Species_1, Species_2
Designates the type of parameter to be specified. Choices include:

o Constant-Scalar: Constant with a single value over the entire field.

o Polynomial-T: Polynomial function of temperature. Six constant coefficients are allowed to
enable the definition of up to a fifth order polynomial.

o Polynomial-V: Solves for non-linear electrophoresis. The user enters up to six polynomial
coefficients.

For non-linear electrophoresis problems where the electrophoretic mobility
changes significantly, oscillations may be observed in the solution. These can be
damped out by turning on Upwinding (from the Advanced button in the Tool
window) and setting the value to 1. After running a simulation, the user should
check the splntegral results table carefully. It may be necessary to adjust the
Tool window Timestep to Variable, and the Tolerance value downwards (in the
range of 1.0e-03 to 1.0e-06) to improve mass conservation.

o Polynomial-T,V0: Polynomial function of temperature, with the V 0 term used to define an
initial start-up voltage below which electrophoretic effects are absent.

o Table-T: Tabular form for defining temperature-property pairs. Linear interpolation is used
for intermediate values.

Edit window

Specifies the parameter value in this window. Window format dependent on the parameter type specified.
The Edit window are shown on page 139.

Vary 1, Vary 2

Allows specification of a variable tag for Simulation Manager runs.
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Species Edit Windows

Each LoadValue type selected from the Species window uses its own format for entering parameters. The
windows are described in more detail in this section.

Constant-Scalar
Constant with a single value over the entire field.
Polynomial-T

Polynomial function of temperature. Six constant coefficients are allowed to enable the definition of up to a
fifth order polynomial.

Polynomial-V

Polynomial function of electric field strength. Used to calculate non-linear electrophoresis. The user enters
up to six polynomial coefficients.

Polynomial-T,V0

Polynomial function of temperature, with the V 0 term used to define an initial start-up voltage below
which electrophoretic effects are absent.

Table-T

Tabular form for defining temperature-property pairs. Linear interpolation is used for intermediate values.
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Species Surface Boundary Conditions Window

The speciesSurfBCs window sets surface boundary conditions for the species. Fix types and load
conditions for these surfaces can be specified in eight sets within this window. When setting conditions, the
LoadValue button has to correspond to the appropriate boundary condition. Not all combinations of species
settings and LoadValues are possible.
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This display-only column allows the user to define up to eight boundary condition sets for the model.
Species

Can choose any of 3 species for the setting.

Patch1,2,3

Choose from any of the patch names previously set up.

Load Value

Choose from several load types. Each type uses a different edit window; the entire set of edit windows is
shown as part of the LoadValue explanation.

o Scalar: a fixed value on a patch.
o Inj_Gaussian: the injection of a finite width Gaussian plug through the patch. The Full-
Width at Half Max (FWHM) value can be defined in seconds or in microns.
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o Inj_Plug: the injection of a finite width square plug through the patch. The Length of the plug
can be defined in seconds or in microns.
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Variable

Setting for Simulation Manager. A Fixed setting (the default) uses constant Load Values, which are not
changed during a Simulation Manager run. When a Load Value is to be a variable modified by a Simulation

Manager trajectory, one of eight RS BC variables can be used, corresponding to the lines in the rsSimBCs
Simulation Manager setup window.

Transient

Setting for transients surface boundary condition. A Fixed setting (the default) does not apply transients.
When a set is to be modified by a transient event, one of two Transient variables are available for
assignment. The variable is defined in the transients window. With this technique a periodic pressure or
input flow can be generated. By setting the Transient variable the input on that node set is coupled to the
waves or function defined in the transients window.

Species Volume Boundary Conditions Window

The speciesVolBCs window sets volume boundary conditions for the species. Types and load conditions
for these volumes can be specified in Part sets within this window.
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This display-only column allows the user to define up to eight boundary condition sets for the model.
Species

Can choose one of 3 species for the setting.
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BCType
Enables pull-down menu with several choices:

o none: does not apply a boundary condition to the volume.

o Fixed: fixes the selected volume.

o Initial: This boundary condition is used only for transient flow analysis. A patch needs to be
associated and selected in order to pose a numerically correct problem. The selected method
enters Mass Fraction into the flow as desired. The transient problem needs a Dirichlet BC for
the concentration, which is chosen to be 0 on the selected patch. Thus, the selected patch
should be far enough upstream in order for the Mass Fraction not to reach the patch at any
time.

Part

Enables pull-down menu with a list of all the parts modeled and stored in the mbif file.
Load Value

Choose from several load types. Each type uses a different edit window, shown below with the LoadValue
description.

o Scalar: Used to specify a one-dimensional value, such as Temperature or Heat Generation.

o Location: Confines the concentration, given by the Mass Fraction, to the selected minimum and
maximum values of X, Y, and Z. Coventor software finds all nodes that are within these bounds
and applies the Mass Fraction. If the minimum and maximum in any direction are left unchanged
(i.e zero), it means that “no filter” (all elements between - and + ) is applied in this direction.
Using this LoadValue can lead to solver uncertainties, due to the sharp edges created by the
Location setting. The Gaussian setting is preferred.
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o Gaussian: Applies a Gaussian distribution according to the following formula:
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where A is the amplitude, and o is the change in a particular direction. Typically, only one dimension is
given a non-zero ¢ value, which results in a species plug with a Gaussian distribution in one axial direction.
The Gaussian setting greatly reduces solver instability, and is the preferred LoadValue for most
calculations.
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o Input File: Specifies a result mbif file from another simulation as the source data input boundary
conditions. The default directory is the directory from which the software is launched.

Variable

Setting for Simulation Manager. A Fixed setting (the default) uses constant Load Values, which are not
changed during a Simulation Manager run. When a Load Value is to be a variable modified by a Simulation
Manager trajectory, one of eight RS BC variables can be used, corresponding to the lines in the rsSimBCs
Simulation Manager setup window.

Transient

Setting for transients surface boundary condition. A Fixed setting (the default) does not apply transients.
When a Set is to be modified by a transient event, one of two Transient variables are available for
assignment. The variable is defined in the transients window.
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Transients Boundary Conditions Window

The transients window enables the user to specify boundary conditions associated with transient
calculations. Transient variables can be assigned in the SurfaceBCs or VolumeBCs window, and the type of
transient response to use for the problem can be specified in this window. Two different transient types can
be specified. For any transient analysis, the appropriate parameters should be set up in the ReactSim Tool
window.

Transients are restricted to the following boundary condition settings: SurfaceBCs—

Velocity, X,Y,Z Velocity, Pressure, FlowRate Temperature, Heat Flux, Concentration;
VolumeBCs—Heat Generation.
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transients

This display-only column allow the user to define up to eight boundary condition transient sets for the
model.

Transient

This column allows assignment of one of two transient curve variables: Transient] or Transient2. The
equivalent TransientBC1 and TransientBC2 variables are assigned in either the SurfaceBC or VolumeBC
window to a desired parameter for transient analysis.

Curve Type / Edit

The ReactSim transient capability allows one of four different transient waveforms to be specified for the
analysis. The specific waveform characteristics are specified in the Edit window accessed from the Edit
button. These Edit windows are further described on page 145.

o Square: Assigns a square wave as the transient curve. The square wave can be controlled by
adjusting its period, split (duty cycle), or amplitude.

o Periodic: Assigns a periodic curve as the transient. The periodic curve can be controlled by
adjusting its period, mean, or amplitude.

o Curve: Assigns a table of time step and property values in order to create a customized curve.

o Sawtooth: Produces a sawtooth waveform.

Variable
Setting for Simulation Manager. A Fixed setting (the default) uses constant Load Values, which are not
changed during a Simulation Manager run. When a Load Value is to be a variable modified by a Simulation

Manager trajectory, one of two FluidBC variables can be used, corresponding to the lines in the fluidBCs
Simulation Manager setup window.
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Transients BC Edit CurveType Windows

Each transient LoadValue type selected from the Edit CurveType window uses its own format for entering
parameters. The windows are described in more detail in this section.

Square

The square wave can be controlled by adjusting its period, split (duty cycle), or amplitude. Period is the
time between the start of two square waves. Split is a value between 0 and 1. If Split is 0.5, the square wave
is at its maximum for half a period. If the Split is 0.3, then the square wave is at its maximum for 30% of
the period. Amplitude is the maximum value of the square wave.

Periodic

The periodic wave can be controlled by adjusting its period, mean, or amplitude: Period is the time between
the start of two periodic waves. Mean moves the periodic curve vertically (up or down). Amplitude is the
maximum value of the periodic wave.

Curve

The custom curve is described with a table of time step and property values. Users can enter up to 10
different sets of time and amplitude values to simulate almost any type of transient curve.
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Sawtooth

The sawtooth is described with a combination of time and temperature values, along with a slope
specification for the sawtooth angle.
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Reactions Boundary Conditions Window

The Reactions window enables the user to specify boundary condition characteristics associated with the
resultant species reaction.
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This display-only column allows the user to define up to eight boundary condition reaction sets for the
model.

Type
Reaction type choices are Surface or Volume.
Rate / Edit

The reaction rate can be specified as Scalar or as k(T-To)"Texp. The rate is entered in the Edit window
associated with the setting. (Texp is the exponent on T-To).

Vary_Rate

Specifies as Fixed or tag as a variable for SimMan trajectory assignment. Variable choices are RS BCl1
through RS BCS.

Activation_Energy
Specifies the value if known.
Equation / Edit

Specifies Coefficients (only choice) and enter values in the Edit window associated with the setting. The
reaction is of the form:

nA +mB =pC +qD

where the coefficients n,m,p, and q are specified. The reactants are entered as negative numbers, while the
products are entered as positive numbers.
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5.3.3: Simulation Results Window

The fluidic results hierarchical solutions menu window allows user to choose windows to view result tables
and mbif file paths used during the computation.

tSrmctalon llaak:  MEIES |

Each butlon opans a window
[described separately). Each
opened window returms control
1o this hierarchical window,

appears when ResctSim ) e
snlution s compheie =
P

ikt

Feeturn to function manager

fluidDomain

Opens window to display table of fluid results.

files

Opens window to display path to result mbif file.

Done

Closes window and returns control to the function manager.

File/Print

Enables printing of the individual window results to a single file. The text format file can be used to

interface to other programs, such as Microsoft Excel. The file is located in the directory from which the
software starts.
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Fluid Solution Window

This fluidDomain window displays the results from the FEM solver.
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fluidDomain

Lists the type of velocity for the solver solution. Maximum velocity as well as the individual X,Y, and Z
components

are displayed.

Maximum

The maximum velocity calculated by the solver. The value shown is an absolute value.

Minimum

The minimum velocity calculated by the solver. The sign of the value is derived from the normal vector; a
minimum value can represent maximum velocity. If the value in this column represents the maximum
velocity for the model, the same value will appear in the Maximum column.

Close

Closes window.
Result Files Window

This files window displays the path to the result mbif file.
Base File

Lists the full path of the result mbif file created by ReactSim.
Result Directory

Lists the path of the directory that stores the result mbif file.
Close

Closes window.
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OPTIMIZATION OF SAMPLE INJECTION COMPONENTS IN ELECTROKINETTC
MICROFLUIDIC SYSTEMS

Lue Bousse® and Abdel Minalla
Caliper Techonlogles Comp.
Manish Deshpande’, Ken B, Greiner and John R, Gilbert
Microcosm Technaologies Ing,

ARSTRACT

This paper presents experlmental data, slmulatlon foals
[FlumeCAD), simulation resulls, and their use together 1o
analyze and Improve the deslgns of electrokinetls Injectlon and
switching components for microchemical Nuidic svstems,

INTROBLUCTION

Electrokinetic microfluidic microsystems are powerful
analytical tools for many applicatlons, such as nuclele achd
aralysis, emeyme assays, and immunoassays [1-6]. Such
systems have galned considerable lmportance as companents in
g =Sl 'i|'|[|_'g|'i|[|_'|J chenvicalbiochemical HI'IiI|}".\i'~ 4
swnithests sysiems, also referred 10 45 lab-on-a-chip, The basic
i process” eperations in these sysiems are sample injection,
mixing. chemical reaction or modification. separation. and
detection, Assembling a system of many “unit process” nodes
requires one or more fransponi mechanisms o move sample
aied reagents through the “wires” of the system. Many of these
5;..Isl:em5. n.:l:f ol elesirokineas |'|I|:|.'~.i|;~. as Iheir [rS ]
mechanssim, alithangh pressine and preamatic apphcations have
also been  demonstrated, Compliczied  relatbonships  exisi
hetween the microchannel geometries, the conditions under
which the devices operate, and the behavior of the mulii-
component Muids trmsponed in these chanmels, In the sl
resgarchers have been foeced toowse costly el amd ermor
miethods 1o undersiand and desdgn such microflubdic sysiems.

CAD rools ean be a valuable aid in the design of
microfluidic systems. Numerical analyses provide significant
insight imto the fluid mechanies in these svstems, They allow
the extraction of material and flow properties that are generally
aol well docmmented, of that vary from application
application or from one manufacturing technology to another.
Furthermore such tools help the designer 1o explore a much
lagger space of designs than is easily available from
experiment, and do o in a quantitative way which enables the
extraction of key parameters for improved or optimal operation
of common miciochemical SVSem componeqs,

In this paper we include experimental data from some
elecirokinetic injection and swiiching components, as well as
matching  simulations af those companents.  We  then
demonsirate the use of the simulation tools o generate virtual

experiments to help the designer choose pood o optinal
seftings for the pinch fleld during Infection and good or optimal
seftings for the switching lield in a swiich component.

The simplest swliching component Is an Intersection of
two channels. Such intersections are surprisingly powerful
tools that enable the definiilon of sample plugs at the pleollies
level |2]; this in e allows microfabricated elecirokinetic
systems o ouiperform thelr conventional counterparis by
orders of magnitude (3], The switching components are
emploved In separation and dispensing systems 1o Inject the
sumple from the load channel w e separation channel. A
rypleal system emploving sich switching components s
presented  in Figure 1, showing a microfluidic  svstem
fabricated by etching and bonding in glass.

The parameters that determing optinal injection inclode:

¢ the length of the sample injected, which detines the quality
of i subsequent separation

 the amount injected (the higher i is, the csier detection
i) and

o [he electrophoretic bins, e the depemdence of (he
impected amount on the maobilicy of the infecied specles.

The nomber of parameters involved in defining a given

Flaure 1 = On-chip analysls system showing nerwork
of tnterconnected channels etched in the substrate,
The Intersections of the channels form the injection
locatlons.

" 1275 California Ave, Palo Alto, CA 04304 luc@calipertech.com
* 215 First Street 4219, Cambridge, MA 02142 manish® memcad com
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injection is large: the curents invalved in each stegs tee length
of each step: and the exact geometry of the intersection. It is
difficult to explore this entire universe experimentally o
optimize the desired properties, and computer modeling of the
injection process is thus very useful, Here, we demonstrate the
use of numerical modelling in the design of such components.
using the electrokinetic switch as an example.

Simulations of electrokinetic flows have been reported in
the literature for both electrophoretic [7.8] and electroosmetic
[#-10] flows. In [9] and [10], simulations of pinched injection
have been reporied in channel infersections, demonstrating the
application of electrical fields to position the species plug in
the intersection. prior to switching, These analyses are 20
steaddy-state analyses with fixed field boundary conditions. In
this paper we report i the use of a dew analysis tool
[FlumeCAL) capable of full 3D analysis of electrokinetic
phvsics  with  transient  species  Ioading  and  boundary
comditions. Qualitative comparisons with experiment show
pood - agreement  with  simulations as presented  below,
Characterization of the device based on applied fields is then
presented 1o demonstrate the extraction of simplified models
that allow the selection of optimal field sirengths for specific
device performance.

EXFERIMENTAL SETUP AMD MEASUREMENTS

Experimental data was obtained on polymer chips that
contaleed channels with a cress sectlon of 12 by 35 microns.
The DNA sample was a eX17dTaclll sice marker at a
concentration of 200 ng/pl, v a 200 mM TAPS buffer solution.
A NMuorescent imtercalating dve (SYBRE Green I was wsed o
allow detection of the double-stranded DMNA. The sleving
matrix wsed was a 1.3 % solution of an acrylamide-based
polymer. We determined that electrocsmotic flow in these
coneditions was negligible.

The chip design was a simple cross, with a reagent well at
the end of each arm of the cmss, Two such designs were
present in a single chip, for a total of eight wells, in a chip of
dimension 22.4 by 37 mm,

The chip is loaded with reagents and Inserted bnto a halder
comlaining platinum electrodes connected o an eight-chanmel
high-valtage power supply. This power supply Is capable of
ither voltage or currend control for each of te channels. The
chip Is observed on an Inverted fluorescent microscope, one of
whose opical outputs s directed towards an intensified CCD
camera for visuallzatlon. A computer-controlled script Is used
in vach exprriment to define the voltages or currents al each
termnal, and the thime durlng which they are applled.

MNUMERICAL FORMULATION

The basic equations describing the fluid motion are the
Mavier-Stokes equations with priate electromigratory flux
terms 1o represent e effect of the applied electric field on tee
carrier and'or the charged species. The effect of the applied
field can be divided inte two fundamental components:

Eler sfs. The basis for electrophoresis is the
differential migiation of the charged species jons relative o the
carrier malecules under the application of the external field.

The differential migration s primarily an effect of the
difference in the net charge between the salvent and solute
ions, although frictiomal effects may alse have some relevance,
The migration velocity of the charged species can be expressed
in ternws of the applied field strength as
¥ o=y E 1)
g

where (1, is the electrapharetic mability of the ion in the
carrier species. It is important to note that in most cases the
carrier does not move wider electrophoresis.

Electroosmasis: Electroosmosis, in contrast, is a
macroscepc plenomenon involving the pumping of a fuid
through a channel under the application of the field. In mast
cases, walls in microchannels are characterized by the presence
of surface charges. The charge may either be due to the
property of the wall or by adsorption of the clarged species
from the buftfer. In the presence of an electrolyte the surface
clarge density induces the fermation of a deuble layer in the
fluid by atiracting oppositely charged ions from the electrolyte
to the imediate vieinity of te wall, The application of the
electric field exerts a force on the fluid, which is initially felt
only within the double layer. As a result the fuid in the pear
vicinity of the wall starts to move. Due to the viscous forces
the fuid in the center of the channel is also accelerated until
the net velocity gradient in the radial direction is zero and the
wihele fuid in the channel poves at a constant velocity.

The determination of the elecooosmotic flow  field
requires. the solution of the Navier-Siokes equation, The
electroasmotle effect ks Incorporated as a force the p E In the
momentum cgquation, Here p, is the charge density amd E is the
clectric eld intensity, The electric feld can be determined by
the solution of the potential equation, under the effects of both
the applied field and the 2ot potential on the walls, Formally,
the Debye- Hickel [11] treatment using the Gouy-Chapran
[11] concept of a diffuse double laver can be emploved o
compaie the zeta potential distributlon from the Polsson-
Boltzmann equition,

In practice, the accurate solution of the Polsson-Bolizmann
cipuation requires the resolution of the double layer. In general,
the double layer thickness ks extremely small in comparison to
the champel widih. For example, under nominal conditions for a
30 micron channel containing water, the double laver thickness
is of Ofnm). Adeguate resolution of scales of this eider is not
generally tractable and further simplification is necessary. The
effect of the potential across the double laver (the zeta
potential) is felt as a force on the Auid at the edge of the double
laver, and can be applied as a boundary condition on the wall

V =py E 2
o i

Which s analogous fo  the equation for  the
clectrophoretic  wvelocity. Eg. 1], The  electrocsmotic

mobility can then also be extracted using an approach similar
to the electrophoretic case,
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Figure 2 - Grometry of Infersection showing
miesh over a slice plane. Typleal mesh has abot
1000 parabolle brick finite elements.

The motien of a charged species in the electric field can be
determined by incorporating an electrokinetic  transpor
mechanism in the species equation. The transport of the species
is through the combined effect of the eleciroosmetic motion of
the carrier fluid and the electrophoretic transport of the species
under the effect of the applied electric feld.

1he numerical analyses presented above are derived under
the following assumplions -
+«  Mewral Carrier; The carrier fluid is assumed 1o be
electronentral everywhere, except within te double layer.
+  LDilute Sample: The carrier fuid is assumed fo be
%redumiuan[ in calculating the physical properties of the
uid.

= Uncoupled Transport; Individual sample species do pot
affect each other as to their diffusion or mobilities.

= Mo Chemical Reactions: The charged sample species are
assumed to be fully jonized in the mixture, and do not
react with each other,

Thie above u-,\1|1|'||:'|[i:||!\. allow the density of the mixieme 1o
reclucing  the  problem e the
incompressible form. The momentum and species equations
are decoupled and con be solved separately.

The moddeling of electokinetic effects is incorporated into
e FlumeC ALY sysiem. FlumeC ALY is an integrated design

Field Direction I'l

T

Figure 3 : Schematic of (a} Pinch and (b)
Switch in intersection,

he  assumed  constant,

environment consisting of 313 design, modeling and simulation
software tools, which enable the creation and analvsis of
complex microfluidic devices, Inherent in the design fow
i.|'|l|'|||,:|'|NﬂI,ud im Bl ALY s the absility o manslate from 3
layoun and process view of the deviee o a solld moedel and 1o
continue 0 a 3D device model allowing  simulations  that
characterize the various physical phenomenn presemt in the
device. The oumerical solution uses a three-dimensional finite
eleiment Feysed l,:l'lgi e a5 e Bk -cimd sodver Tor the ulLa|ll'\_|.'w.-\.
RESULTS

In this section both experimental and numerical resalis ae
hegin by
clectrokinetically pinched fow — and the effect of the field
strengths om the analyie volume in the intersection. Following
thiat, sodutions for the switched field are presented along with

prosened. We presenting  solutions  Tor the

expenimental observatbons for similar condiidons. Flnally we
examine the effect of the swiiching potential on the width of
the separated band and the residence time in the intersection —
we can determine an optimal field strength for a0 reguoired
M.']"ulul'ilm Bangl widhth Froxin his fnalyvaas

Elecirokingrie Pincly Ino this section exparimental
numerical results are presented  for the  electrokinetcally
pinched Mow. The geometry of the inersection and the mesh
used for the computation is shown in Figure 2. The geomeiry
chosen here is similar o the experiment discussed before, The
armes ol g iniersection e eacly SO0 m Innl;, A noarnanal meshy
conains THHE parabolic brick Gnite clements — prior analyses
comfirmed  that  this  resolution yielded  mesh-independent
solulicns

The transpon mechandsm (o this case is electrophoretic. A
schematic of the applied field that generates the pinch is shown
in Figure 3. A ficld in the mansverse channel, generating a
pinch in the intersection supplements the drive potential. The
su|'ﬂ.'l_'iu>. i% ilrljul.'l;l.'\d. Troink the well wiath 1he ;,1|'||'|Ii|,:|,1 Fiehl aind
|.'\c'-|t‘||;'§1.|l|.'-:1 wrilil .‘-l,l,';,ﬂ‘l}' anle, The sesuliant ApeCies clisisi Baang
15 shown in Figure 4 - showing isovolumes of the species mass
fraction in the intersection. The conditions chosen for the
simulaticn are similar o experimental conditions also shown in
Figure 4. The gqualitative agneement shown in thie figone is guite
2_'|||u,l._ i|'||,1ia_'i|‘|:||'|g nhal e samolarions capiwre e releyvant
physics observed in the experiments quite well.

Eifect of feld streqetl: The volume of the species in the
intersection is a function of the strength of the pinch - ie., of
the relative field strength in the arms of the intersection, As the
transverse field strength, and therefore the pinch. increases. the
volume decreases, since the species is confined 1o a smaller
region within the intersection. In the switch part of the cycle, it

is this volume that is will be dispensed into the separation
channel. In a system. the optimal injection volume is small
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Figure 4: Electrophoretic Pinching in Cross Injecior,
Left Image Is Experimental and Right Imags is
Slmulation.

enough o vield o narrow band in the separation channel, et
large encugh to yleld an adequate signal in the detection
component.  In a dispensing svstem the injection volume is
specified by that required to be dispensed. Characterizatlon of
the effect of the Geld on the analvee volume in the intersection
Is therefore an Imporiant questlon In the deslgn of the njection
svstern, [o the FlumeCAD system this ranslaies 1o the
parametrization of the feld boundary conditions over a
spevified mnge of values, with the computation repeated at
each step. This varlation in the boundary conditions was done
through FlumeCAD's Simulation Manager, which allows the
specification of a parametric varlation in a boundary conditkon
value and performs e reguired sel of simulations and
accumulates the computed data. This mechanlsm  greatly
reduced wser intervention and simplified the setup and analysis
of the problem.

Cnee the simulations are completed, the volume in the
Intersectbon I computed as a functlon of the fleld by
performing a Region of Interest (RO integration over Uwe
intersection. The ROD deflnes a specifle volume of the
compatational domain within which the contained species mass
Is tls:r:rlmnnl. The resulting integration s shown in Figure 5 as

Anslyts Volums Increass
-

6 -
4
x
-
a T
0 2 dq a B 14

Voltage Ratlo

Figure 5 : Variation of Analyie Vaolume in
Intersection with Voltage across arms of cross,

the increase in the analyie volume in e intersecion as a
function of the voltage ratio. The voltage ratio is defined here
s the ratio of the potential difference across the fill and the
pinch channel. As expected the volume in the intersection
increases with increasing voltage ratie, The figure quantifies
the volume in the intersection as a function of the field - the
applied field required for a specific design can then be chasen
from this curve.

Elecrrokinatic Switcl The next step in the design probilem
Is the electrokinetic switch. The load cycle is as above, with the
o pincleed in te intersection, Following the pinch, the flow
is swept from the intersection into the separation channel by a
field, while simultaneously current fowards both top and
bottom helps separate the sample plug and prevenis leakage
inte the separation channel. & time period and a voltage and'or
a current setting at each port in the design define each phase of
the cyile,

Both experimental measurements amd simulation resulis

Figure 6 : Experimental Observations of
Electrokinedic Switching Joint.

are presenied here for electrophoretic flow, The  channel
gecmetry for the experiments were as described in the previous
sevtion, The applied current in the channe] is 2 pA in the load
phase with a lpA current for the pinch, driving the species
from the bottom of the image to the fop as shown In
experimental observations in Figure 6. The switch phase then
fesllovwrs with a corrent of 3 @A from right 1o left and 1 Ao
pull back the species in te tep and bottem chamels (o separate
the sample plug. The time sequences shown in Figure & are
approximately 0.1 seconds apart. Sinulation results for simila
conditions are presented in Figure 7 as iso-volumes of the
species mass fraction, and  demonstrate  qualitatively  good
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Figure 7 : Numerical Simulation of Electrokinetic
flow in Switching Joint.

agreement with experiment. The shape of the pinched specles
as well as the shape of the plug in the separation channel is
well reproduced by the simulatbons. This shows that the
simulations appear o capture all the redevant physics in the
prablem and glves us reasonable confldence In the predictive
capibilities of our ool

Effect of Switching Strength: We mext demonstrate the

application of the simulation tools in predictive  design
capability by studving the effect of the field strength in the
injeciion characieristics of the electokinetic swiich, The
switching fleld strength affects the Aow in two ways - first, in
the wigth of the plug injected inte Uwe separation chanmel, and
second, In the residence time of the plug in the intersection. As
discussed before, the plug width i an important quality to
define the Injection - the residence time, on the other hand
delines the cvcle tme for the injection - that is, the time
between subsequent Injections,

The switching field is varied through the Simulation
Manager, which allows granular control over the port settings

1

= lnib=pal

ez
]
-

Tir e |Sae)

Ligure ¥: Aand ¥idta a7 entrance o separabion
chrerel as o foeeras o switidh e frent,

in amy phase in the simolation, The switching field was
changed by varying the current in the separation channel from
1o 4 pA amd repeating the computation at cach setting. The
resulling data can be analyzed by region of interest {ROI)
Integrators at select locations to galn Insight into the beheaviour
of the electrokinetic switch and o deline optimal operating
comditions  for switch operatlon. Examples are shown in
Figures 8-10.The band width of the dye plug in the seperation
channel Is shown In Flgure & - the corresponding RO s shown
in the insed in the figure, The REOL here is analogous o an
experimental polnt probe, such as a diode or photo-multiplier
tube, positioned over the specific location o collect e
flowrescence of the species migrating past. It Is therefore
reasonably  represemtative  of  comventional  experimental
measurements for such design problems.

The band width of the injected plug can be determined by
the “broadening” of the plug through the ROI, as the clange in
its peak width ot hall masimom, The foar curves in the figure
correspond to differing values of the switching current. The
current in the “pull-back”™ arms of twe interseclion was
maintained al 1pA for all the cases, The resulling dependence
of the band width as a function of current in the separation
channel Is exiracied from the figure and presented In Flgure 4.
The volumse of the injected bamd can also be compated as dwe
Integral under the curves and Is also shown In the flgure on the
secondary axis, The band width drops as a [unction of
increasing current, as expected. As the switching current
increases further, the injected band width appears 1o asymptote
to & minimum value, As discussed before the band widih at
injection is one of the qualities that characterizes injection -in
general, the smaller the injected band width, the better.
However, as the figure indicates, the net volume injected also
drops with increasing fields. This strongly atffects the
homogeneity of the injected band, since species et are liglite
or have greater charge are likely to be larger components of the
baned in comparison o heavier species or species with lesser
charge - larger band widths would tend to be more
homogenoas. In te case of the Therefore the desirable band
width, and consequently. the teld. is an optimal compromise
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between te above two factors — curves such as Figure 9 can be
used bo exiract the optimal design condition.

A seoondd issue is the residence time of the species in tee
intersection. In several applications such as dispemsing, the
electrokinetic swirch is used in a comtinuous cycle, The cyele
time is then dependent on the residence fime. since a new fill
cyele can only begin well after the previous switch cyele is
completed. An ROl Integration over the intersection region
vields the required resideice time as shown in Figire 10, and
therefore indicates an appropriate cycle time as a function of
the switching field,

Curves such as those in Figures 8-10 allow the detailed
characterization of the flow plevsies in the njection region and
can therefore be employed to determine optimal injection
coneditions for specific applications. Extension of the analysis
to more complex peometries and chemical properties is
reasomably straightforward,

CONCLUSHIMNS

Experimental and numerical analysis of elecirokinetic
switching components are presented Lo this paper. The analvses
were comcucled for a tvpical injector, formed by the
Intersection of rwo channels. Analyses are conducted bath for
the steadv state pinch as well as the electrokineic switch, The
numerical results show  reasonably  good  agreement with
experiment in both cases - demonstrating the capability of e
deslgn tool In capturing the relevant physies In ihe system.
Diesign analyses are conducted o characterize the injection
process bo extract behaviourlal models for the Infection process
to quantily the bamd width, vodume and residence ime of e
Infection as a finctbon of the applied felds. The results Indicate
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that the band width in the separation channel decreases as the
switching fleld Increases - the corresponding injected volume
decreases s well, The residence lme of the species in Uwe
Intersection also decreases with Increasing field. The optimal
injection [or a particular system can then be extracted [rom
such analyses. Extensions of this analysks to different Injector

configurations as well as different analytes is relatively
straightforward.
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Abstract

Novel designs for electrokinetic injection are presented in this paper. The designs emerge using
CAD analysis of the injection process. The designs are aimed al improving the separation efficiency of
electrokinetic injectors by providing a narrower and more symmetric band in the separation column in
comparizon to the classic injector case. Two designs, the first using a three-step switching sequence
and the second using a sie-port injector ane presented, In both cases, the injected band shape s greatly
improved. The corresponding separation efficiency 15 also expected o improve and has been
conlimed subsequently by experiment.

Keywords: Flecirokinetic Injection, CAL, Simulation, Switching.
l. Introduction

There is a wide interest in micron-scale integrated chemical/biochemical analysis or synthesis
systems, alse referred to as lab-on-a-chip or PTAS [1-2], The basic operations in a typical system are
sample injection, mixing. chemical reaction. separation. and detection. Systems emploving
electrokinetic, pressure driven and prneumatic mechanisms have been successfolly demonstrated,
Complicated  relationships  exist between the microchannel geometries, the device operating
conditions, and the behavior of the muli-component Quids ransported. Researchers have hithero
heen forced to use costlv trial and error methods to understand and desien such microfluidic svstems.

Computer-aided Design (CAD) tools have emerpged in the past few vears to assist in the design of
these systems, CATY tools provide greater insight into the fundamental physics goveming the behavior
of these svstems, and allow the exploration ol a much larger parameter space in an efficient manner. in
comparison 1o experiment. Several vesearchers have reported CAD-based analvses ol microfluidic
components [3-6]. These include components used in injection [3.4]. transport [5.6]. as well as mixing
and reactions, These analyses were generally aimed at demonstrating numerical capability and
fundamental understanding of the phenomena, In most cases, qualitative agreement with experiment or
analytical results was provided o demonstrate the capabilities of the CAD analyses i adequately
simulating the observed physics.

The real advantage of CAD tools, however. lies in their ability to design — that is. to create new
desiens or extend and optimize existing designs to make the components better.  This may happen
throwgh better understanding of the component physics, or, simply, through thorough examination of
the parameter space, In either case, CAD has the advamage over experimental techniques. Insertion of
CAD into the design cycle can therefore reduce bath the number of expensive experimental iterations
and the time required for the design.

In this paper we demonstrate the capability of CAD tools o enable better design of pnTAS
components, by specifically focusing on one component — the electrokinetic injector. We will begin by
presentimg expenmental and nomenical results for the conventional pinched injector — to show that
electrokinetic injection is well understood and prediclable using CAD tools. We will then explore two
mechanisms of improving the performance of the injector in delivering a sample nto the separation
column that is more ideally suited for separation than the conventional injector.
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Il. Numerical Methodology

The basic equations describing the Muid motion are the Navier-Stokes equations with appropriate
electromigratory  flux terms o represent the effect of the applied electric field on the camier
{electronsmaosis) and/or the charzed species (electrophoresis). The modeling of electrokinetic effects is
incorporated into the Flume CATY system, FlumeCATDY is an integrated design environment consisting
of 3D design, modeling and simulation software wols, which enable the creation and analvsis of
complex microfluidic devices. Inherent in the design [low implemented in FlumeCUAD is the ability to
characterize the behaviour of a device as a function of the various phyvsical phenomena in the device.

The switching analyses presented here assume that the electrical field sets up instantaneously,
relative to the species transport, The species is also assumed to be dilute in the buffer —i.e., it does not
affect the material properties of the buffer during wransport. Thas allows the Geld calculation o be
decoupled from the species transport — the switching simulation is thus reduced 10 a sequence of
electrophoretic transport simulations,

Ill. Classic Electrokinetic Injection

The simplest switching component 15 an intersection of two channels, Such intersections are
surprisingly powerful ools that enable the definition of sample plugs at the picoliter level [2]; this in
twr allows miceofabricated electrokinetic systems (o outperform their conventional counterparts by
orders of magninnde [7]. The switching components are emploved in separation and dispensing
systems o inject the sample from the load channel o the separation channel. A tvpical svstem
employving such switching components s presented o Figure 1, showing a microfluidic svstem
fabricated by etching and bonding in glass,

The switch is operated as follows: the drive potential ransporting the species inte the intersection
is supplemented by a field in the ransverse channel that shapes a
plug of a specified valume by generating & “pinch™ in the field.
Following the pinch, the flow is swept from the intersection into
the separation channel by a [eld, while, simullanecusly, current
towards bath top and botiom helps separate the sample plug and
prevents leakage into the separation channel, A time period and a
voltage and/or & current setting at each port in the design define
each phase of the cycle,

Simulation results for the typical swilch are shown in Figure 2
and compared with experimental observations in Figure 3. The
results show zood qualitative azreement. Greater details for both
the simulation and experiment are reported in [8]. The agreement
with experiment wives us confidence in the ability of the CAD Figure 1 : Lab-On-Chip

tools 1o predict the behaviour of electrokinetic  injectors. analysis system showing

Consequently, we then [ocus our amention o the design of network of atched

injectors that have better injection characteristics. Thrmmn:h::l::h.
Cme of the parameters defining optimal injection is the band channels form the

shape and width in the separation column, In the classic injection injection locations.

the band is the size of the channels, broadened by diflusion and

field, and partly restrained by the “pinch™ current. As shown in

Figure 2 the plug is trapezoidal in shape. This broadening limits the possible resolution of the
following separation column. causing the separation column to be longer than necessary. Designing
injection to achieve a plug that 1s symmetric and narower than the channel peometnies 15 therefore
highly desirable.
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Figure 2: Simulations of electrokinetically Switched injection (the classic injector). The
switching sequence has two phases (load and switch).

Figure 3: Experimental images of switched injection (the classic injector). Again there are two
phases similar to Figure 2 above.

The shape of the mjecnon plug in the intersection, and the subsequent separation, 15 poverned by
several parameters. Prominent among these 15 the peometry of the imersection and the switching fields
applied. We have explored both these options in our attempt 10 design better injectors. Several designs
were attempted — we will present two specific examples here — first. an alteration of the switching field
sequence, and second. a geometry variation.

IV. Alternative Injector Designs

The hirst approach o generate a better injection plug 15w nsert a Mow reversal between the load
and the switch cycle. This allows the sample plug downstream of the intersection 1o be pulled back
into the intersection prior o switching. The switched plug s now actually narrower than the
intersection itself. The pull-back also removes the asymmetry arising due to the pinched field — the
resulting plug in the separation column is both narrower and straighter than the conventional injector,
The sequence of operations is shown in the simulations i Figure 4. This injection plug will yield
shorter separation lengths 1 companson 0 the conventional mjector. Experments were conducted o
verify the injection sequence affer the simulations and have verified the behaviour observed [E] in the
simulations and have demonstrated significantlv higher separation efficiency compared to the classic
injector, The smaller separation lengths result in higher throughputs in the assays, An o additional
advantage is in the reduction of the feld strengths required for the separation, which may have added
benefits in the manufactarability of the device.

The drawback of this approach. however. is that it requires an additional electric field switching
step, which needs o be controlled carefully, An alternative approach that has similar behaviour can be
conmstructed by modification of the geometry and retamimg the twoestep switching pattern of the
electrokimetic imjectors. An example of this s the six-port injector, shown in Figure 3. This imjector 15
made up ol two mtersections, one downstream of the other in the load cvele, The pinching is
accomplished in a manner similar w the classic injector. As the sequence shown the pinch results in a
narrow band at the second intersection. Switching at this intersection then resulis in the narrower band
being injected into the separation column, The separation efficiency for this injector should also he
signilicantly better than the classic injector,
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Figure 4. Reverse Injection Process showing Pullback prior to switching. The cycle is accomplished
by a three-phase switch in the field - the load, pull-back and switch phases.

.I

Figure §: Six-Port injector. The cycle is two-phase — a load cycle and a switch
in the downstream switch cycle.

V. Conclusions

MNowvel designs [or elecirokinetic injectors have been presented in this paper. The designs use a
CAL tool that has been validated by comparing against experimental results for the conventional cross
injectors. The new designs are aimed at creating a mammower and more symmetric band in the
separation column, Effects due to electrical field sequences as well as geometry were considered in the
designs. Specific examples demonstrating better injection band characteristics lor both cases are
presented here. The first case is a modification in the Geld using a pull-back step between the load and
the switch cycle. The second case is a modification in the peometry using a six-port injector, where the
switching step 15 actuated in the ntersection downstream of the pinched intersection. In both cases the
hand in the separation column s narrower and straighter, The resulting separation efficiency s
expected 10 be significantly better and has been verilied by experiment discussed elsewhers.

The numerical experiments presented here demonstiate the vselulness of CAD in the design of
more efficient devices and in the optimization of existing devices in pTAS,
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Abstract:

Diffusive broadening of a low molecular weight species in pressure diiven flow is studied
using bath experiment and numerical analvsis.  Confocal microscopy allows experimental
visualization of the three dimensional nature of the diffusion. Mumerical results suppornt the
experimental results, and are wsed to provide insight into design questions about devices
invalving diffusive mixing.

Keywords: Diffusion, CAD, Y-mixer. Confocal Microscopy
l. Intreduction

The physical phenomenon of diffusive broadening has found many applications in the
field of microfluidics, One of the most common s diffusive mixing of chemical or biological
compounds, for the purposes of reactions or chemical sensing[1.2]. (rhers include the study of
fast chemical reaction rates at steady state, the fabrication of microelecirodes, and the patleming
of various compounds on channel walls [3].  All these applications require a detailed
understanding and characterization of the transverse diffusive mixing of two miscible fluids
undergoing laminar flow in microchannels,

This work presents results that demonsitate the three dimensional nature of diffusion in
pressure driven flows, Experiments using a Y-mixer and a simple reaction were performed, and
confocal microscopy was used to visualize the diffusive mixing in three dimensions. These
results verifv simple theoretical arguments for the scaling of diffusive width with transport
length and flow rate.  MNumerical analysis was used to investigate the effects of diffusive
broadening in devices using standard Auorescent microscopy detection syslems.

Il. Theoretical Analysis

Theoretical arguments to predict the scaling of transverse diffusive width in pressure
driven flow have been made by the Harvard University group[4]: a brief summary will be given
here, Using dimensional analysis, the thickness of the diffused laver in regions of uniform flow
has been found o vary according 1o (De'U,)", where D is the diffusion coellicient, z is the axial
distance, and L, is the flow speed. An extension of the Leveque problem is used o show that
the diffused width in regions of chearing flow varies according to (DHz/U,)"". where H is the
height of the channel.

ll. Experiment

We [abricated microfluidic channels wsing the "rapid prototvping” technique deseribed
previously|3].  The channel structure was defined photolithographically in photoresist on a
silicon wafer.  Polv (dimethylsiloxane) (PDMS) pre-polvmer was then cast and qured on this
composite wafer / photoresist structure. A PDMS membrane with the negative relief
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corresponding 10 the channel structure was removed from the waler and sealed 10 a clean plass
cover slip. A syringe pump deove the fuids into the two inlets at a constant Mow tate,

We visualized the resion of diffusive mixing using confocal fluorescent microscopy
{Leica TCS).  Fluo-3 is a commercially available. non-fluorescent compound that forms a
strongly fluorescent 1:1 complex with a caleium jon (K = 039 pM).  The formation of the
complex is diffusion-controlled. therefore we could visualize the region of diffusive mixing by
ohserving the
conceniration of  this
complex near the interface
between flowing agueous
solutions of 5 pM flue-3
and 1 mM CaCl: (Figure
1. At a given axial

distance = from the point
where the streams jomn, the
dilTusive :l!i.\in:_{ 15 more
extensive (i.e. the
fluorescent  region s

Figure 1: Experimental images from confocal microscopy (left). broader) in the  slower-
T]n_cm-spcndim_simlm_ld images (right) are qualitatively maoving fuid near the wall
similar to the experimental images. of the channel than in the

middle of the channel. At low flow velocities we observe some interdiffusion in the dead
volume of the Y junction (Figure 1), and we assume that its effect on the scaling behavior is
neglizible,  There is also a pronounced asymmetry in the diffusion profile, because Ca™ has a
higher diffusivity (D = 12107 mis) than fluo-3 (D = 10" m'fs) and because of the differences
in concentrations of CaCl, and flue-3,

To test the theoretical predictions, we analvzed experimental data with Scion Image.  We
smoothed the 512x512 pixels images of fluorescence (such as shown in Figure 1) corresponding
to 100100 mm™ xy scans before the analvsis,  For a given x (on each image we analyzed
images only near x = 0 and near x = H'2) the width diz) of the region mixed by diffusion was
taken to be the width of the fluorescent region wath the
intensity above 02 of the maximom intensity.  The
spreading diz) was always sufficiently small to be ina
flow with uniform velocity profile in the v-direction.

IV. Numerical Analysis

Mumerical analysis can he a valuable tool for
the design of microfluidic systems. Onee anchored by
experimental results, numerical results can predict the
operation of the device over a range of parameters and
seometries.  Mumerical analvsis was performed using
FlumeCAD [5]- an integrated design tool that enables
the design and umde]iﬂg of complex microlluidic
devices. The Y-mixer was modeled by solving the
incompressible Navier-Stokes equation for the velocity

Figure 2: Standard fluorescent

microscopy experiments .
effectively integrate in the vertical and pressure fields, The steadv-state velocity field was
direction. then wsed in the coupled solution of three species

transport equations — two reagents and one product. In
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arder o compare with the experimental results, the elfective rate [or the binding reaction was
assumed 10 be infinite. The concentration ol all three species was assumed 1o be dilue, so that
the properties of the carrier were constant. The above equations were solved using a fully three-
dimensional finite element hased CFD engine,

Many experiments are performed using standard  fluorescent microscopy  technigues,
which have the elTect of imtegrating the three dimensional fucrescent signal in the vertical
direction (as in figure 2). This obscures the effect of the three dimensional diffusion profile.
Using numerical integration, the effective diffusive widths that would be seen with standard
microscopy technigues were calculated.

V. Results

Confocal microscopy was used 1o measure the diffusive width al a sequence of localions
in the channel, for a maximum flow rate of 16 cm/s. Results shown in fgure 3 azres well with
theoretical predictions. Im the center of the channel, where the flow is uniform. the width scales
as the 1/2 power of the distance down the channel. Mear the wall. the scaling behaves as the 173
power of distance,  Experiments were also performed at several flow rates, and the results are
shown in figuee 4. The diffusive width scales as the ~ 12 power of Pow rate in the center of the
channel, and as the —1/3 power of ow rate near the channel wall, which is in agreement with
theoretical predictions.

1:_ r\umerieal sir_nulatin:ms agree
1.'E | well with the experimental results,

T 14 The distribution of the fuorescent
=g compound At two positions in the
ﬁ 1 - *?GTD::‘"EI-“:;-}IMHM\'MM channel compares quah[at_nel_x with
= 08 & Exparimanial Tap Width the experimental results (Fig. 1), and
E 08 ol A e Wit the simulations also predict the same
04 iZlope 085 scaling laws for diffusive width as a
02 1 T function of axial distance and flow

o ' T ' rate (Figs. 3.4).
14 24 34 4.4 o . )

log|Axial Distanee{um)) Vertical integration of the

three-dimensional simulated results,
o mimic a standard  mecroscopy
sefup, oives some interesting results

Figure 3: Experimental and numerical results for
average flow velocity B emis.

9k (see fizure 5).  The scaling of the
diffusive  widths  with  distance
7 depends on the threshold used.  With

a lower threshold {20%), the width
scales roughly as the 12 power of
distance. However, as the threshold
is raised toward 80%, the scaling law
approsches  the 172 power  of
distance.  This imterssting result can

log{Width {,m))

o Expanmental Midda Width (Slope 0.51)
a5 4 | o Expenmental Tog Woh (Shops -0.32)

-a—Simulated Top Width (Siope 0,34 be explained by figure 6. The layer
" v Simulated Middie Waith [Slope -0.51 near the wall, where the 1/3 power
T T T T

scaling takes place, is thin for the
flow regimes investigated here (this

can be visualized from experimental
Figure 4: Experimental and numerical results at several

and numerical images, lgure 11 A
flow rates, Widths were measured 500 mm downstream e pHanencal frages '~-"l‘_ »o !
from the intersection. line plot of intensitv across the

-0.5 0 0.5 1 15 2
leg{Maximum Velocity (emis])
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Figure 5: Diffusive Widths measured with Figure &: Fluorescence profiles 500 mm from
standard microscopy setups depend on the the intersection. The shape of the integrated
threshold used. peak explains the effects of the different

thresholds.
channel shows that this resulis inoa wide base on the peak shape (figure 6); 50 a lower threshold
effectively gives the width in the shear layer. As the threshold is raised, the otal amount of
fluorescence in the shear layer drops below the threshold, so the 12 power scaling [rom the
center of the channel is recovered.
VI. Conclusions

Both experimental and numencal results agree well with theoretical predictions for the
behavior of diffusive layers in pressure deiven flow. The results demonstrate that three-
dimensional effects can be important for the operation of devices using this type of difTusion. I
uniform velocity diffusion scaling laws are applied blindly, device performance may not be as
expected.

Mumerical results have provided some additional insizght that may help to design laminar
flow mixing devices more accurately. When using a standard confocal microscopy detection
system, the use of a high threshald for peak width caleulation can ensure that the desived widih
scaling with distance is achieved.
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ARSTRACT

A design meithodology for eximcting component models for Awid

dynamic devices i presested  The analvsis uss Memcad's soie of

desipn 1oods w0 build the zolid model omd perform the snalvsis and
post-analvsis o exiract the poromeirie vanmiions of inlerest [n this
puper, we diemomstrate ths capabaliy by analyemg mwo types of no-
moving-parts {MAP) valves ised m micropumps: the diffuser type and
the Tesla-type valves. The resalis indicate that the Tesla-type NMP
valve b o Bugher pumpmg efficsney, and themefore o hugher
thromghput, bor the some Rewvnolds pumber flow, companed 1o the
diffisser tvpe valve. The parainetsic belavior reported by Memosd con
then be wsed 10 generste o redvced-order model Gor svstem level
simulations m & straightbarw ard manner.

INTHROINUCT IS

There 15 considerable interest e recent vears i the development
of micrepumps as components in micrafluidic systems (van Kaijk
1997 for a review) These pumps bave applicatoms in & wide vanety
of arens such as chemical. baomedical omd elecironic cooling. among
others. Micrapumps have two basic forms of valves: with and witheat
pnoving pars (Ferster 0 al . 19935, Gerdach and Wurmnus, 19835, Olsson
eral, 1995 Fumps wilk valves bavimg moving paris have many
drmwhncks ot the micrascale. Wenr and faigue of the moving
commponenls can cowse reduction mperformeamee and relabliy. They
are nol conducive e handling mulophose flads becanse of patential
clogemg. Pumps wiih valves withoui moving panis have significani
advantages because of thar smphety, vase of meamulscuse and shiloy
to transport multiphase flwds. These pumps consist of & flmd cavity
and two valves, with m escillsting pressure gradient applicd nerose
them. Ther primciple of operation 15 basid on the rectfication of th
1iuzd by the valves. For the same pressure drop, the Hew an the forword
direction through these valves is preater than the fow in the reverse
dirvenon. bna comtmuows ey ele, tierefome, thire 15 2 met rinsparn from
the inuet s the sutpu pore of the pump. The difference in the flow raie
an the forward and reverse direction s dependent on the relative

magniwde of redaticanl amdior comvergent 1kow phenemenn o the
valves in ome dimection compared e the oiher. Good desipns
generally aim ot mecsmizmg this difference

An appropriote desten methodolopy for these pumps 15 through
a system made] thm is hased on independent medels for ench of the
devior components, The pamips bave a nesonimee frequency that 1=
dependend. omieng cdher thmgs, oo the mos of tbe s o the
walves, The desipn of the valves is therefore critical 1o the efficien
operation of these pumps. Design consideratsns. also mclode the
efliciency of the valves. defined as the raiso of the net e roke
throangh the vadve o the sverage fow e, and the resissmes fe o
m e valves, Addinesal considemations melude the froguency and
amplitede of pump operation. A good dessgn tor these valves is an
optimal compromise between the diodiciry snd the flow resistanes

System models of pumps with MMEP valves were developed by
Oilssom et al (1895 ond in o more detailed manner in Bardell ed. al.
(1907 These models use component maodels derived iheoretically
ard waludoted by companson weh experimient. Acourale component
medlels are essential w0 the developmem of a svstem mesdel that
adequately  charocterizes e behavier of e sveaiem. Individoal
compoment models ame. bowever, lsard 1 exiract expermentally i a
complete pump. Mumerical methods can however be nsed for this
purpisr and are the focus of this paper. We prosenl here. a
{rmmewark o develop n component model For the NMP valves using
the capnhilities of the Memend svsiem

Fumps with NMEP valves have hathenio been designied using the
dilfiser-type valves. (Gerlach ond Warmus, 1965, Olsen elal.
1995y A second design that hos heen implemented uses the Tesla
type valves shown i Fig. 1. Detals of the design are descussed m
Forster et al (1995 A syslem medel based oo individual models
for the valve and chamber compoenents was developed using an
amalyeal valve resistanee model based on the assumption of
lomvinar flow. A meore nocurate represcmdntion might ke a full
vl soletion of the o o exira e valve resistanss 1o this
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paper. we demaonstrsie the capability of the Memesd software for that
JullipalieTi

W simulote and amalyvee bolbh the Teslo-type and the difluser-
type WNMP valves and coimpare the relative performance of the two

NUMERICAL SETUM
The NMFP valves chasen here were analveed wsing Microcosm

Technologies” Memead software ol This tool comprises of a lavout
and process design phase. mutomatic constructien of solid medels amd 2

suite of multi-domam and coupled domain solvers for a wide range of

MEMS and microflusdics problems. A higher laver of simulation
mamugement  enables  the extrachon of compooent meodels by
simplifying the specification of parmmeiric variations of inleresi

The flnd dysamae problem was solved wmg o fally thmee-
d woal - fmsle L hased  solver for the Naveer-Sickes
cquations. Thaee-dimensionaliny cannot be ignoded in thess problems
smie the oo of surfse aren (cowmg the pressune drop) T the
volume {ihe fHowrabe)y is sigmibicant. Even ol high HQow rates the
Revnolds number s relatively small - on the arder of 200400
because of the small dimemsens of e macr-valves. The ew s
therelore laminar. Issues of mesh refinement weme resolved by
reqquiring nominally @ least ten podes witlvin the boandary laver. Mesh
mdependence studies were conducied fo venly this constirmnt and are
discussed briefly helow

MODEL CONSTRUCTION

The serap for the malysis began by comstirucimg & layou for i
deviee umder corsiderntion. In this cose ibe lavown used inoibe pomp
designs werg available in CIHGDS fonmat The progess used for e
fahrcation was then specified i the process edior. Using Memcsd s
Membwilder (Ostetherg ei al, 1995) maodule, a solid mode]l was
comstructed anematscally from the mask and process defimon m 1-
DEAS. The solid medel constructed For the T35 seciion 5 shown in
Fig . The consimacied madel wns then meshed using parabalic brick
elimints. Flow svmmmeiry was sssumed in thi deptly plone uthe Tesla-
type valves and in the depth and ransverse plane in the diffuser valves.
This assumption gremly reduced the number of elements required and
made the compuiston iractable on a comventvomal workstation,

RESULTS

In this section resulis for both types of valves are presemed. We
will begm with o brsel discussen of mesh refioement ssues, Tl
Teslo-tvpe  valve 15 discessed pext mcludicg  validation  with
experimental messerements. Finaly, results for the diffuser valve ane
prosented and compared with expermment md wib e Tesla-type
valves.

Mesly Refinement  Inoasy nomenical asalvais the absilie of the

dseretized mesh 1w sccurately represent all the Nuid physecs s enneal

i necurate sofutiom of ihe prablem. In this annlvsis the performonge of

the valve was obtamned by computing the fow rate induced by an
applicd pressure ditlerentinl across the valve. The induced {low was a
famction of Mwid resistance due 1o the valve walls, md losses in regioms
of separated -flow. Inadequate resalution of the Row will enderestimane
losses and predict incosmect resulis.

In our mnalysis the independence of the predictions from the mesh
resolution was pnalyeed by successively refining the mesh and
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compiting, the fow for ene pressare drop The compured fow rate
wis then ploted aganst the mesh siee and shown o Fig 2 for a
preszure drop of (L] mim. - an sppropriote resclution was then
extracted fromn this curve an e comvergence of the comipined fow
rute.

Compuiations were performed ol average element size of 3, 1
aml 22 mscrons i the transverse direction (alemg with the mwo-
dimenswonal cose). This comresponds 1o 22 1] ond 5 parsboelic
elements across the valve (the valve inket pom widib is 114 microns)
Al figusre shows there was o considerable differenos between the
I2 microm and the 1} micron cme. The difference hebween the 10
micram and § micren case, wis however, almest nepligible. For this
reasany, Wi chose e 10 macron s o e bisehioe for the
coleulshions. Moee that the mesh waos highly strelched mo the
transyerse direetion (fom centerline te wall) - theretiore the ¢lemen
theckogss e the megron mear the wall s comsderably less than the
nvernge

Teslactvpe valve © The T45 valve is similar to the T45:K valve
(Forsper et al, 19950 exoept that ot has a smgle loop as shown m
Fig 3 Bach chapnel i 114 pum svide with a 120 pim erch depth. A=
discussed belore, the efficeency of the valves is largely dependem on
the difference in the flow phenomena m the forward and reverse
direction. The presence of rotatronality and reattachment in the fow
mereases this difference and, thus, the valve efMiciency. The Toop is

geametfically desigined For this pusgose.

The mesh used i the simulations 15 shown m Fige 3. As i the
diffisser case, the simulations ook advamage of flow svmmetry in
the depih directson (normal imio the plane of Figuse 33 As before,
every alternate element 5 shown m the Dgure Tor dlanty. The mesh
wied mpproximately 3050 parsholic brick  finiie clements. The
prablom was selup by applving nesmal sress boundasy conditions
on the inlet ond exil (nsuming fully-developed flow 2t the mlet).
amd applyving the requisrie nesslip and symmeiry comsirminis on the
boumdaries. The fow rate was then computed from the reslis of the
simulation. T penerale the required ressstance curve of prossune
versiss flowrate, the applicd normal siress wies varied over a
spicaliod range. Thas vamaton w the boundary combions was done
through  Memend's  Simuolatiom Manager, which  allows  the
specilication of & pasametric vanaiiom m & Boemdary comdition value
arnd extraets the mequired curves of mterest, This mechamsm groatly
reduced wser intervention mnd simplified the setep nd annlvsis of
the: prohlem

Each simulston required approsmately 4 bours of CFU ume
om & worksinben (HIPP CL&0} bor convergenoe. The resulis from the
combpistations afe shown in Figs 47 Fig 4 shows the pressure field
over @ shoe plime through the center of the valve paralbel w the
plane of the Ay for o pressure drop of 02 amm. Bodh the forwvard
wnl reverse dircctioms are shown e the Ogare. In e forward
direction e pressure drop was relotively gradual over the cone
regiom of the valve. The pressure drop in the reverse direction, on
the wiber hand. indicated the presesce of a stagnation region i the
mierseciion of e bwe arms of the valve. The incommg flow
separnted arommd this siagnatiom poing and comverged later near the
exit plase. This gecmetrically induced sotstion and subsequent
comvergence of the {low was dramatically dillerent from the flow
pattern i the ferward direction. This was even more evident in the
woloeity vector Feld for the two coses, shown m Fig 50 I the
forward direction. the How horely sensed the presence of the “bleed”
patly — and was diven entirely theough the siraighe leg of the valve
I the reverse direction. on the other hand, the Bow separated mwe



the tve legs and reconverged ar the downstream imtersection. The
memeasi m e ravel path of the flow and the momentum merscton at
the coovergence of the twa paths resulted in o grealer pressume doop.

This causes an incredse in e dicdicity and thus o othe efficeeney of

the valve

The flaw rate ndwced by the differential pressure is shown in the
graph in Fig. & over & range of pressure drops. The experimental
measurcments are also shown in the figure. The simuolations showed
reasonnble ngreement with experiment over the mnge of prossure
drogs simulated. The net flow rate generaned from the valve, defined as
the difference in the llow rate i the lorward and reverse direction for
the same pressure drop. i shown m Fig. 7 ns o funciion of the applied
pressure. The efficiency of the valve, delfined 2 the net flow rane
divided by the overage How rale is shown in Fig. 8 In both cases.
experimental data s alse shown, The simulatoms end w underpredict
the oot fBosw rale :<|u_=||1|_1.' e Egrecmenl howiever s ﬂ'mmlubly
sulislactory, and the behaveor of be device was accumately caplared.
These curves, in Figs. 6-8, essentinlly represen the compenent misdel
for the walvie that can then be used motbe system model. It s umportant
t mode here that these curves, and eventually the system model
representation of the valve, were abained from a single Memead mun
withouwt mtermediale user infervention.

Diffaser-tvpe Valve - The 13 valve wsed i this analveis has o &0
pim etch depibe. o 114 fim wade threat, a diffoser section 1107 s leag
and 322 pm wide. und o neewde secton 419 pm bog and 792 pm wade.
The mesh used i the analyss i shown in Fig 9 Bvery second Qe
elerent 15 shown for clanty. The mesh hod a tolad of 2880 parabelic
brick elements.  Compuintion times i the diffiser valve case wene
comiparable 10 the T43 case drcwssed above,

The pressure  field tor one  represemiobive  compulation
correspamdimg in & pressure drop of 02 mim #s shown in Fige 9. In dhe
forward dmection the pressure deop was relaively gradual through the
diltisser regron. In the reverse direction the doop was moch mone raped.
as expected for pogele flow The effect of the ssymmetry 5 seen in

Fag. 10 showmg thw pressure versus flow rate curves over & range ol

applicd pressures, Experimental dola s olse plotted on this graph
isymbole) showing reasonohle npreement hetween experiment and
smulation for both the diffoser and  the noeele diectson. The
geometrical asyvimmelry was muonifested in the presence of recisoulation
regioms in the flow in the nozzle dircction. The recireulstion region
essenbinlly decreased dhe avaloble flow ares bocally, leading o a
higher cverall pressare drop and o decreased Tow rate. Inodhe diffaser
direetion, en the ather hard, the Aow remained smactl The net effect
af the asymmetry was the differenee m the Oow rate m the forward and
the reverse direciian, which, ns discussed before, provides the pumping
elfest,

Conpasison between valves © The avalable sesuls for the Tesla-
type and the I3 valve allow us ip compare therr performance m e
configurations that were tested. As discussed before, the difference m
the dlow rabe m the forward and reverse directen, and therelore the
valve efficiency, is dependent om the relative magnimede of moiational
amlior comvergont flow phesomena m the valves moone dmeetwn
companed di the other. The Teslo-type valve is geometrically designed
i inerease these effects and therefore would he expecied o have a
greater net flow rare and efficiency for the same applied pressure deop

Figures 11 and 12 compare the dlow rabe mduced and the elficiency of

e wvalves pespectively. As e figeres show. o tbe current
conliguration, the Tesla-type valve generates a larger Oow rate than
the 113 valve, und ot o gher elboency.
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Usmg curves sach s Figs 11-12 as an anchor, we can now
miplement Memcad i the myverse disign problem Li., b
deiermme the optimal conbiguraten For the highest elficiency in the
valves studied

CONCLUSIONS

Micropumps  with  NMP valves are a promising  new
development in the  microfluidies  feld. They have  several
advaminges ever convenbonal pumps moterms of relabdity and
reduced wear. The design of dhese mcropumps 5 stromgly
dependent on the diodicity and the characteristics of the sciemion
membrane thal droves the pump ond the floid mass throogh the
pump. A good design malvsis of such 60 deviee & dependent on a
worod svapem model, which, m ot a5 dependent on goed component
models. Individual component models are hard o eximet from
expenmental analyses. bul an be estracted  from numerical
simulapions. These  smulatons need w0 e anchored  with
expermmental dala for validmeon.

In this paper we have demensirnied the capability of the
Memead software in the design analyss of devices of thes nature,
Startmg with the loyowt end o process defimition. the solid medel can
e gutomatically gepersed within Memesd and analyeed with an
available swile of wzolvers snd a higher level of simulation
manngemend i exirncl parametric curves of interest. We hiove
applicd this capability o e analveis of o Tesla-type valve and a
diffuser-tvpe valve woextract the efficsney of these valves over a
specified pressore range. The results indicnte tha the T45 valve i
comsidershly more efficicn than the D3 diffuser valve

A ampartant aspect ot smulaons presented here, thea 1
et easy 1o describe, 15 the ease of problem setup, analvsis and post-
amalyses that 15 made possible by the desspn wools avalable through
BMemead.
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ARSTRACT

Aol injecnor designed by CaDy snalyses is presented in
tus paper. The mpection mechanmsm wses o pull-beck msered
bretween the pinch and the swiich singes of the tpical ooss
mypeckir 1o cneate a band thal 5 more symmetne ad sarower
than the typical inpector. The resulimg, separnizon cllicency s
greatly enhinced s o resull of the more opiimal hind shape. The
mjector wis designed wsing o validaied CADID wol, mnd verified

subsequendly by cxpenments. The  resalung  separnbon
efficiency  achieved was  significamily  grenier than  curreni
injegiors,
IxTmrosUcrios
Electrodeinetic . macrothudic muicrosysiems  are pawerful

aradytical tools for muny applicoboms, sech o5 uclewe ocd
analysis, cneyme msays, and immunomsssys [ 1-4]. Such systems
hmve gnined comsidernhle smpanance as components i microne
siale  inegraed  chemicalbiochenvical analysis or  symilesis
systems, alsp referred s ns Iabepoeaschip. The basic “wmit
process”  operatiogs in tese sysiems are sample  mjectson,
mixig, chemsal  resction or modifealwnm,  separaom, il
detection. Assembling 2 system o mony “unsl process" nodes
regres o of s arsporl mechansms oo move sanple wsl
reagents through the “wires™ of the sysiem. WMy of these
sysierns rely on elecirokinetic physics as dher  Armsport
mechanism, althpugh pressure and poneummic applications have
also boen demorsimied. Complicated  relosonships exast
hetween the microchmnel  geametrics, the conditions  mmider
which il deviess operse, and e behavior of the  mal-
comporenl s trimsported o wese channels. In the past
resedmchers lave been foreed w use costly trial and error
methods o umderstand and design such macroflusdie syssems.

CAD wols con be o valushle aid mo the desapn of

mecrolluidic  sysiems.  Wumencal onalvses  provide  sigmificant
msaght uto the fuod mechanses mo s sysims. They allow
the extrociion of materinl and Hew properises that are generally
mat well  docamented, or  that vary from application o
application or from ooe meeufacunng wchoology 1o another,
Furthermware such tools help the desigmer io explare 6 mch
banger spae of desigis than is easily available from experiment,
el do s m g quamtiative way thal enables the extracten of key
pamnnlers for mgraned  or ilpl:ilnu| u[u.'.mlhm af commmm
mrischimmical sy s compomints,

Simulations of electrokinetic lows have been reporied o the
lilerniere  for both  clectrophoreiic [36] md electrossmotic  [7.8]
flows. T [6] and [8], somulmions of pirched imjection have been
repomied m chimed muersecteons, demonstrating the applwanon of
elevimcal felds wo position the species plag in e miersecton, paar
woswitching, These mmalvses are 213 stendy -state smalyses wath fixed
focled boundary comdinms. Three-dusenswsnal sumlatems of pusched
mjection heve alse been reported by these nuthors mproveous work
190 Inall these cases, the malyses swore amed al demomstraing
mumerical  capabiliies amed mn undersionding of ibe fundameniol
physics prevalemt in the devies Agreement with experiment reporied
in these by ses is gererally good

The capabdities of CATY deols can cmly be fidly realized when
they ane applied in predictive dessgn of a devics dewt mmproves of
opirmiees s perfonmimen. n ths paper, we present the predicive wse
ol sumulain W deagn o umproved  mpeetos,  followed by
expirmwmtal comfinnaten of that desagr ad e wse of e improved
mpector 1o achseve the Fetest separatins of DMA oligos cusrently
achievable.

Microdluidic distmct  ndvaminge  over
comventional electroploresis systiem in the amen of raped separbons.
Microflusdic svsiems have demoesirated separtions i the order of
secvmds iy comparison W several mmutes i conventomal sysiems
[3.4]. A erincal parameter moachieving rapsd spamations s the abdiy
Wit & reerew plig o the separaion column. Typically,
mcroflundse systom achwese ths by usng pusched mpection m a oross
myecton, @ shown m Figane 20 The dove potmnal s supplementid

networks  have  a

Fignree 1. Photagraphk afa NEGS mucrachip
wred for the reverse anjechion experimemis.
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by liclsls m e wuwverse chimmels W shape the plug m dw
miersecon poor woswilchmg into the separmiom colemn as
seen m the figure. The plug thus igecied can be of the order of
the channel dimersion or smaller. As shewn in Frgure 2 the plug
15 broadered m o treperoidnl shape.  This broadening limits the
passible resolution of the follving separation
+ e longer il ne
mjecticm i nchi 1 plag that i= symmetric and narrewer than
the clawmel gemmetries i highly desirahle

Hire, we will s CALD w0 focus on des aspect of the
myechon moan allempl B ommprod 0 We will begm waith o shon
diserpiem of the maomencal oals Rllowed By ditnls of the
sumlatiny. Folkmamg that wi wall presand expe al resulls
thal comoborme our findizgs, resalime in o mmproved inpector,
that demensirmes fasier separations &l lower vollages  than
comventicnal mje

the sepasarion colu

Cliors
PNUMERKCAL F ORMULATION

Ihe b equatines disenbmg the Tod moton e e
Muvwer-Stokis  equations  with  approponate  electromegratory
Hux wrms W represint e effed of the apphbied glecine Duld
un the chamged species. The bass lor elecimoplomess s thi
chiferenbial magration ol the charged specwes wns relabve o
the carricr mbecules under the application of the exiemnal
bield. The diflerential migration is primarily m efbect of the
difference in the net chorpe between the sobvend and soluse
s, :||I|'.||I|.g|'| Iictiond  elfecs  mav & e
melevimee, The mygration veloialy ol the chimged spooses G

e enpressod moenns of the appld Deld stvength as Vg

Hep E. where p, 5 the decrophoreie mobdine of e wn
in the camer species. 1t is impestant & note thal in most cases
the camier dves pat mave udder electmapharesis

I'he mmetiom of a |,'||:||g|,'|_1 specws m the elecirie Field e
b dewrmmed by meorpomatmg e electrekmene  trmsport
meglsnisn i the Spuis edUEslion The ranspor of e
species 18 through the combmed effect of the dleciroosmotic
mirhiom of the corrser Husd amd the electmophonehe ranspor ol

¢ species do nid al
imsrlalinies

#  Uncoupled Transpore: Individual

st g 10 their difl
* Mo Chemeal Reawlwms: The chorged saomple specees
msumed w0 be Rilly jonzeed m the moiure, md do not reac
with ach vther
Ihe ahove smammginms allow e densitv of the mixure w be

wsumed constant, reducing  the problem w0 the  incompressible

= PN I s L gs =] COERIONs fc -u|:_'._1-|||f|||;|,| ._r||,| [&11

ely

Lhe modcdmg of  clectrokmete ellects 5 moorposated  mio e
FlumeUALY systom FloneUALY s i miegraled elisggn onvirommen
comalyg of 310 deapn modelorsg ol smmuliem solbweme wals
which enoble the creation ond mnolvsis of complex macredlusdic
devices. Inherent in the design Aew mnplememed in FlomeCATY is
¢ ahdity 1o ranslate lrom o layout and process veew of the device 1o
a salid model and o contme o oa 3D device medel  nllewing

simidatioms thal ¢hs
m e deviee. The oumencal solutim wses o three-domonsiona Eie

elemenl based enpine 3= the hack-enid solver for the aialyses

Field
Direction

wlerize e varios plvsscal |-l'>.-||m1||,-|',, Pr T L

¢L+

Faeld
||| Direction I-|

the species under the cffect of the applied electric field

# Dl Sinpke o Tl camer o 50 assume
predominant in coloulating the physical properims of the

(IR

The mumencal amalvses prosenied  above are derved
umder the follwmg assumpt *
- iral LCammier: The comer usd 5 nssumed o be P
—erw LT ullback
wutrnl - everywhere,  oxcept withan  the  deuble Switch

Fignre 4. Sche
frack
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Phe numerncal wols were Gt valsdoed by comparmy agamst
expenment  for e classic owe-plese pinched  mjecion A
sthimane ol ths wpecton mechimsm 15 shown m Frgure 3
comespimdimg snnulatyn results e shown m Fygue 20 The
mjection conststs of a “pinch™ - fekls m the trmsverse chammels
supplemnimg the drve dament lallivisd by @ “swaich”
sworpne the sample inta the sepamabion colunn alempg witk
current towards hoth top and boiom (o sepamie the sample plug
ardl prevent leokage  The simuloisons presented here were
compumed nirst comresponding  expenmentnl  ohservniions  in
[9) and b pood qualitative agreement, indicanng that  the
sumulatim ol caplure all the melevan physaes m e problomn
sl will

As Fpume I oshows tbe swilched plug m e separalsm

culumi s mapeaodal o shape. The shape u the separan,
column = a comsequence of lbe shope of the pioch in the
intersection  hetween the twn chmnels. Smee the sample is
postiioned = the mlersecieon by o pmch, the shape m the
incersection s iraperoidnl, with the hose of the mapezoid being
wider than e charsceristic dimension of the inersection. As
the  trapesosdal  hands diamstremmn the  mchvnlisl
fragmems separate o hised oo their electrophorens mobiliies,
aml broaden based oo ther diffusvenes. The effccove himd
wilth m the separation columm = ditermnsed by the wadih of thi:
traperoid base, whach hiots the separation efficiemey

A belr mpition mechamsm 15 nequired 10 dncate @ beltir
sample plog m the mizsection prior o separation. This can he
achieved by alicrations in the geomeiry ar m the swicching field
sequence. One sich example, showing a six-port switch, where

pUIRLEH

-

a0 pracess showing peli-back and subsequrens switching sara

the pixch und swiich are camsed out o different
presenced im [ 10] and results inoa namower b in the separation
column, A second spprosch ermed  Creverse mjection”. presented
hiere, wses a threcsphose switching sequence. The schemniic of this
sedquence is shown i Figere 4 A “pull-hack™ phase s added benween
the pmch mmd be swieh. In the creanng thir simplie 1
pisalimid = b mitersgelsm by pinchmge wrslrim of
the milersecim the bind 1= sigrbcandy seerewer Uan the swedih of
the migrsecimom, aml 5 depenchinl on the strength of the podhog
lixld Addng a pull-back phase momentanily reverses the feld in the
drive chomnel, while mnmimming the pinching ficlds w seen i the
sthematic. The pull-back couses the downstream band o retract mia
rficn colemn cremting & signilicanity namower bamd ot the
enitranee of the separstion coluimn. Addisonally the dovwrsizeain B
1a gl svimetne smce b s mol meabibed by e efleet ol e panch
The wsual switchimg step then follows o dive the sample into the
Sepralien el

Sumulatems showmyg the eflect of the “pull-back™ ame presente
mn Frgure 5. The effect oa tbe bind widih and shope i the separatuon
gcnlwrm 1= drimatic e b = onow bolh pemower sl < hiler
than the comvenbonal imecior cose m Figure 20 The resulis md
that we can achicve WA bands that are svonmeiric ond narrewer
than the uisderlymp chaimel geomeny — covseque 1]
separation efficiency & expected i mmprave sgwificanithy 6s o resul
af the band chope

rseciions, wos

the sc

EXFERIVENTAL WERIFICATION

Follkmwing the CAID amalysis, expenments were cosducted 1o
vimly b prodichons  prosinted mo e proveoes seclen., Tl
separnlions were camied ool in sedasbime gliss cheps with chonneds
Wb pm deep md 30 pm o wide, Glled with & 6% polyocrelmmide -hased
SEparalion raerin The buffer was 100 mbd TAPSTos For LB
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Fignire & {lira-dueh speed separations wsieg
FEVEFEE THIELTION PRICess

siulics. the samples were smele -stronded DA olipeouclectides
al o concemration of 20 g, Tusrescendly labeled ot funresceim
wivelengihs,  Images  were  necorded  on & Hamimamatsi
intensified CCD CETIErT. Far s PR S, sirnilar
aligemnclestides were nsed. bt labeled ar red wovelengihs with
Cv-5 dye. amd ol o conoentratin of 100 oM. Detection was
carred oul usmg a red deode Taser, on o floorescent mreseope
system as descnbed  carlier (3] Expermmental  unages
cornespondimg, 10 the meverse mjectsm cose e shown m Figume
4. The expermmentnl resulls agree very well with the nemerncal
prediciions fom Figure 5. The detads of the sample behmviour
inchuding the shope in the intersection proior o switching, and the
shape ol the subsequently imjected bhand, are cormectly capiured
by the sionudmions. Separatons Gom this ingecsor one presented
m Fugure &0 The narrow band crvated by roverse mjectsm
enphled the demonstration of 7 secomd DMNA separations i a
05cm Jog on-chap colurmn, usmg only 1508 (VS These
are the fastest separatsons accomplobed wodste and are o resalt
of the mproved mpector dessgn emerging oul of the CALR

ﬂ'lill:‘-'!l.'ﬁ.
CONCLUSHNS

The application of CAD in the design of microfluidic chip
comipingenits 15 dememstmabed m thes paper, g the anmss
injector. In rypaal separatons, the efficency s limied by il
wdth of the band m the soperaem columm, which m wm s
Bruned by the width of the band posivened m e miersecten
Usmg o valdated CALY wood, we hove mproved the mpection
characenstics by wserting a pall-back betwvesn the poch md
the swiich. This mjection, called “reverse myection” retructs the
namewer md svimmeine band downstream of the ingersection
back i the miesection, and subsequently ino the seposatio
cohune The imjection  chamacteristics  have heen verified by
experivnent fmd huve vielded feter separstions using Jower
Tchds thsan have been sccomplished hitherto.

T pramary conclusson of the work s the successiol
appleation of CAD w0 predicr amd inprove the perfonmanes of
o flucic compesents. CALD also b the sdvintage of bong

able o explore a much weder parmmcter space w0 desipn these
miproved  components, and heoce should serve as on mportant
component of the desken process.
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Development of a Reduced-Order Methodology in the Design of
Microfluidic Systems

Manish Deshpande
Microcosm Technologies, Inc
Cambridge, MA

Absiraet
This poper presemis  current  research in the
development of tools bt enoble the design  of

microfluidic systems, The design iools wse detailed
analyses of the physical phenomena in these devices 1o
undersiand the behaviour of the specific component nnd
extract @ moddel representing this behaviour, The models
tor the individual components can then be combined in o
system moddel  for  the  device incorporating  the
internction between the components and enabling design
mmalyses of the entire device. Specilic examples will be
presented 1o demonsirate this capobility
ltroduction

There is m wide interest in micron-scale integrated
microtluidic systems for use in severnl applications such
ms sensors (flowrme, pressure or shear stress), actuators
(mictopumps, swilches) and complete Nuid processing
systems  {lob-on-n-chip, repctorsy, These systems are
generally  integroted  systems  consisting ol flow
components,  chemistry  components as owell as
detection/sensing components, The components span o
wide-range of physical disciplines that adds 1o the
complexity of their design, Clilen designers from diverse
backgrounds and physical domains are regquired 10 work
together and share information about the device,

Compuler-aided Design (CALD) tools hove emerged
in the post few years 1o assist in the design of these
systems,  CADvhased  annlvses  of  microfluidic
components have been reporled by severnl researchers,
[1-3]. CAID waols can be o waluabkle mid in the design of
migrolluidic  swslems,  Mumerical  anolyses  provide
significant insight inte the Nwid mechanics in these
systems, They allow the extraction of material and ow
properties that are generally not well documented, or
that vary from applicotion to applicotion or from one
munutacturing technology o another, Furthermore such
tonls help the designer to explore 0 much larger space of
designs than is ensily available from exp eriment, and do
soein n gquamtitative way, CAD tools also assist in the
exiraction of a reduced-onder model thal deseribes the

behaviour of o particular component, and its dependence
on key parometers. Models for individual components
can be coupled together o amalyee and oflen optimine
the entire microflwidic device,

Microfluidic devices generally represent the active
component of @ larger svstem. Such systems have some
common layers o their design, These include the design
of the acwal device (design a  manufaciurnble
component),  package  design {design @ practical
package), and system design (design ond improve the
system or instrument the device fits inio), A suwecesstul
system requires the design criterin for each of the
individwal  domains 0 ke met successfully in an
cennomic and monulactorable monner,

In the MEMS and 1T domains the system
development is enabkled by the availability of design
aids, which assist in the integration of all the domains of
the design, These design aids provide o top-down
appraach to system design, which allows the designers
fo understond the components in the system and the
effects of cne component on another, In microfluidics,
such aids are  scarce this greatly hampers the
development of these systems. A pood design tool
therefore has considernble value in assisting the rapid
transfer from o concepd 1o viable prodoct

In this paper, we explore the development of a
design methedology  tor microfluidic  svstems,  This
methodology allows both the detailed onalysis of the
components in the system os well s ol the behoviour of
the system as o whole, The underlving physics in the
individual components will be discossed first, The
integration of the component models into o system
miode] for the device and the application of the system
miode] in analvring the device behaviowr will then be
presenied, In each case, typical expmples will be wsed 10
highlight the methodology discussed,

. e eof the Thevice

A diseussed before, the entire microlluidic device
cin he decomposed info a set of discrete components
that internet with each other, The analysis of the device
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behnviour con then be translated into the analysis of the
individual components and of their interaction with each
other, This forms the system model of the device (also
referred 1o s the reduced-order or macro medel), The
swalem miodel is o powerdul mechonism of deseribing
the system  performamce,  The behaviour of  each
individun] component is infierently stored in the system
miodel. Varotions in the behoviour of one component
muy aflect the performance of a second component and
the performance of the system as o whole, The system
miode]  condains  inlormation oot the  internction
between components and hence enables the analysis of
such wariations, without requiring the designer io revisit
the detniled analyses, The individual components may
emerge ol of diverse physical domopins, as may the
designers, The system mosdel thus allows diverse groups
o interact with each other in an efficient manner, by
defining the information iranster between components
in o simple manner,

A typical microfluidic device consists of severnl
diserete systems operating fogether, These include

= Electrical (voltages and currents)

= Bulk fluid How {pressure andfor electrmo-osmotic)
- Mechamical [sclumaliors, mrshranes )

= Interfaces (capillary breaks, droplets)

s Transport of molecular  species i solution

{electrophoresis and difTusion)
= Thermal
= Biochemical amd electro-chemical
«  Optical detection

The elecirical system model represents the transport
pathways in the dewvice as elecirical pesistances and
inductances, with curreni and/or woltage  sources.
Obwiously  these systems  are only  meaningful  for
clectrokimetically drven sysiems.

The Mow mode] represents the transport of the bulk
carrier  (bufler) in the  chip.  Twpical tmnsport
mechanisms include electfooamotic, pressure-driven or
pocwnatically driven flows. The chamsels on the chip
therefore represent resistances 1o the Bow of the bulk
Muid. The flow model enables the dynaimic analysis of
the fow theough the device. The flow model s
amalogous 1o the electrical circuit model  described
above,

The mechaical models often serve as the actuation
components in the device. For example in an inkjet, the
mechanical components may be membeanes drven 1o
generate the NMuid displacement required to create and
zject the droplet.

The imerface models contnin information about the
behaviour of liguid‘gas interfoces thot exist in the
device, These may be menisci and subsequent droplets
as in inkjets, or capillary breaks as in several on-chip
devices

The transport model on the other hand describes the
muotion of the sample through the device, The sample
may move along with the bulk or independent of it, The
transport model then describes the combined effect of all
the transport mechanisms present on the somple location
amel Form,

The thermal model describes the response of the
syslem 1o lemperature changes. Temperature changes
miy arise becnuse of henting or eooling of the sample in
repctiom chambers or from the passage of current
throngh the system,

The biochemical  and  electrochemical  mosdels
deseribe the chemistry in the system. These models
represent the production ond destruction of species in
the component, The chemisiry in typical devices is ofien
very complex — a5 @ result accwrnte  chemistry models
require considerable interactiom with experiment in their
extraction,

The optical  models  describe  the  detection
components in the device, especially common in PTAS
(Micro-Toal Analysis Swstemy based devices | 1-5],

The extraction of these models requires detniled
analysis of the particular component -~ specifically is
response o various parameters that aflect its behaviour
The analysis need not be based on defailed simulation
oflen, good  theoretical snalyses are  sufficient  tor
practical design purposes, The extracted behoviowr then
represents the reduced-order behaviour of the device

An eftective ool should provide the designer with
the models required to design the deviee, It should also
prowide the capability 10 extend and enhance the models
and tnilor them 1o the behoviour of the designer’s
specific components Finally the design tool should be
capable of simulating the extracted system model 1o
chornctenize the entire device,

I our group we have been involved in developing a
tool  that  meets  these  reguirements,  The  tool,
FlumeC ALY, is an  integrated  design environment
consisting of 3D design, modeling and  simulation
soltware fools, which enable the crestion and analysis of
complex microfluidic devices. Inherent in the design
Now  implemented  in FlumeCAD s the ability o
translate from a loyout of the device toon solid model
amd o continee 1o s 31 device model  allowing
simulations  that  characterize  the  warious  physical
phenomenn present in the device, This parametrization

175



can then be represented in o system maode] and simuolated
in the FlumeC ALY enviromment
Exmmples

In  this  sectiom  we  will  present  examples
demonsirating  the  application  of  redueced  order
mesdeling in the analysis of fypical devices. Two cises
will be presented the first an injector'separation
column typical of biochip applications and the second
an electrostatically driven inkjet. The models presented
here are based either on detailed numerical analyses or,
in some cases, on theoretical analyses,

Eleetrakinesic Chip: A typical electrokinetic chip is
shown in Figore 1. Tt eonsists of ports through which
repgents and the sample enter, n reaction site followed
by an injection site lending 10 a sepamtion column. The
entire system is driven by electrophoresis, The electrical
systern madel for the device is shown in Figure 2, Each
individual channel on the chip is represented by an
electricn] resistonce and inertonce. The wollage or
current sources are  applied ot the ports, The svstem
miodel com be executed in the time-dompin by specilying
the voltnge or current in the sources and the mise time for
the specilic sowrnce. The charge-up time for the field in
varions components in the system can be determined by
this time-domain simulation. This is imponant in pTAS
applications since the field strengths are typically Fairly
high. A system thal charges up slowly is prone to
leaknge of the intersections by diffusion of the sample
which is generally avoidable:

A second advantage of the electrical system model is
in the exiraction of boundary comnditions for detniled
simulations.  In  general  defailed
electrophoresis are conducted ol the component level
the currents entering and  exiting the domain  are
dependent on the entire device, These can therefore be
ensily extructed at the system level and nssigned 1o the
appropriate porls tor the detailed onalyses,

An exmmple of the detoiled analysis is described
here, The component amalyred is the switched imjector,
formed by the intersection of fwo channels, Such
intersections are surprisingly powerlul fools thot enable
the definition of sample plugs o the picoliter level [2];
this in twrn allows  microfubricated  electrokinetic
systems (o ouiperform their conventional counterparts
by orders of magnitude [ 3],

The number of parsmeters involved in defining a
given injection is large: the currents involved in ench
step; the length of each step; and the exact geometry of
the intersection, 1t is difficult o explore this entire
universe  experimentally o optimize  the  desired
properiies, and compwter modeling of the injection
process is thus very wselul,

anilyses  of

Besults from the detailed simulations showing the
sumple transport and injection are shown in Figare 3,
The resulis hawve been compared with experiment in [§]
and shiww reasonably good sgreement, The experimental
conditions are also discussed in [#]

Design analyses of this component can be conducted
using the numerical tools, The design onalyses analyre
the hehaviour of the component in response 1o various
parnmeters thot are significant in the design. The
behaviour of the injector is generally chamcterized by
the bamd width of the sample in the separation column
that is observed experimentally, The band width is
computed  from on appropriate model for the optical
detection system for the separation column. In a typical
syslem the detector is o point probe, such as o diede or
photo-multiplier  twbe, positioned over the specific
location o collect the fluorescence of the species
migrating past. In the design tool, the optical model is
encapsulated into o Begion of Interest (ROD) integrvor,
which integrmes the concentration of species in the
specified detection region o1 any instont in time, The
integration can be further cormelated fo o gaussion o
turther capture the experimental detection optics,

Examples of the analysis ore shown in Figures 45
The first example is the eftect of the swilching field
strength om the hand width in the intersection, The
switching field strength alfects the Now in fwo ways
first, in the width of the plog injected into the separation
channel, snd second, in the residence time of the plug in
the intersection, As discussed before, the plug width is
an impordont gquality 1o define the  injection the
residence fime, on the other hond, delines the cycle time
lor the imjection - that is, the time between subsegquent
injections. The dependence of the band width as a
fumctiom of corrent in the separation channel is extracied
from the design ool by a sequence of simulations,
varving the switching current, and performing an ROT
integration over the region shown in Figure, The volume
of the injected band con also be computed as the integral
under the curves and is alze shown in the ligure on the
secondary axis. The band widih drops as a function of
inerensing current, as expected, As the switching current
increases further, the injected bomd width appears 1o
msymplede boa minimom value,

Acsecond isswe is the residence time ol the species in
the intersection, In sewernl applications  such  as
dispensing, the electrokinetic switch s wsed in
contineous cycle, The cyele time is then dependent on
the residence time, since a new fill ¢vele con only begin
well afler the previous swilch cycle is completed. An
RO imtegration over the intersection region yields the
required residence time as shown in Figure 5, ond
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therefore indicates am approprinte cycle time as n
fumetiom of the switching lield,

Curves such as those in Figores 4-5 allow the
detailed characterization of the Now physics in the
inpection region,  This charmcterization con then be
extended into the system model for the injector and
incorporated into o transport model, The system maode]
for the injector con then be coupled 1o 0 system maode]
lor o copillary separation column, The simplest mode]
for sepamtion only accounts for the advection and
dittusion of the species in stroight columns, The coupled
injector/capillary model is shown in Figure & The
sumples of varying mobility and diffusion constants are
driven from the injector into the capillary where they
separoie, The separation con be detected by coupling o
Nuorescence  detector model  al specific points
downstrenm of the injector, The resulting sepamtion is
shown in Figure 6 ms well, The entire analysis requires
mimimal simulation time lor the fransient solution of the
reduced-order level, I therefore presents o powerlul
mechamism 1o analyze and design these devices

Ionkjet; Inkjet heads are possibly the single most
commercinlly suecesstul MEMS component. In general,
an inkjel consists of o source ol ink, an actuation
mechanism 1o crente the required pressure head 1o creale
m droplet and induce the instability required o break ol
the droplet and a noezle where the droplet is created amd
cjected, The system view of the inkjet therefore consisis
of four major components — the reservoir, the actuntor,
the main chamber and the noede with the meniseus and
droplet. These components are connecled by approprinte
interconnects, Models for these components can be
theoretical ns well as extrocted. In generul, the besi
approneh is o start with the theoreticn] model and reline
it based on detniled simulations over the parmmeter
space of significant, An example system model of an
inkjet is shown in Figure 7. The individual components
in the medel are clearly indicoted in the figure. The
reservoir model is simply o source of pressure in the
system. The actumtor model generves a Now through the
displacement  of  a  membrane  that  is  drven
electrostaticnlly, The meniscus/droplel model defines a
maximum  sustinable  droplet size beyond  which
instability develops cousing the droplet 1o pinch oft

Results from the simulation are shown in Figure 8
The applied woltnge on the membrane couses it 1o
deflect ond eject a droplet. The resulting meniscus
osgillations ond their effect on the membrmns con also be
seen in the figure after the droplet hos ejected, The
simalation in this case proceeds over four palses
gjecting droplets in each case, The system model allows
the user o vary o large number of gquantities
(peometrical, muterial and operational} and ohserve the

system behaviour in each cose. As belore this simulation
is also very rapid and the parameter space can be
explored mther quickly in comparison o detailed
modeling. As a resull, it serves ms o very elfective foo]
for designers

Microfluidic systems hawve penerated considerable
interest im the past severnl years. The design of these
devices is o complicated  process, because ol the
complex relationships between the device geometry, the
properties of the Muids and the operating conditions. The
design of these devices is often a trialond-error process

andd s theretore ollen mther expensive, CAID tools
have emerged in the past few years b assist in the
design of these devices. Current  generation  iools
provide the capahility of performing detailed analysis of
the physical processes in these devices, The ability 1o
comple the individual components and their physies into
a model enabling the design of the entire device is, as
vel, Tncking,

A better approach is through the wse of reduced-
order maodeling 1o create o system-level model] for the
device, Here the behoviour of ench component in the
system is caplured in o model - these models con then
be coupled o anolyee the enfire system, In our group,
we have underinken the development of Flumel AT,
which is an integrited design tool Tor this purpose,
FlumeC ALY allows the detailed analysis of the individwal
components, provides the copability 1o extract the
behavioural maedel for the component and enables the
incorporation of the extmcted model into the sysiem
miodel for the device, Several discrete systems may exist
within one device -~ electrical, trunsport, Now, opfical
ele, FlumeC ALY aims ot enobling the design of devices
with one or many such discrele components @upled
tngether in the device,

The current status of FlumeC ALY is presented in this
paper thromgh two specific examples the first, an
electrokinetic chip — sn electrical, transport and opticnl
detection device and the second an inkjet. The examples
serve to demonsirote the capability of the tool and of the
system modelling  concept  in generaling  greater
understomding of the device and providing elficient tools
in enabling the design of the device.
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Figure 4: Redwetion in Injected Band Width s a function of
Ficld Strengih for Electrokinetic Switch.

Figure 3: Electrophoretic switching in a cross
injector. The flow is first pinched in the intersection
and then switched inte separation column.
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I gure &i: Schematic ol Injector' Capillary System
madel and Results showing electrophoretic
separation of [ samples ina column.
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Fipure T; Schematic for electrostatic membrane
driven inkjed
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I gure B System simualation for inkjet, Top ir|1:|gr
shows full time sequence and lower image shows
aclose up of the droplet gjection. In both figunes,
the top zraph is the pressure at the meniscus, the
el 1= the memiscus location aod The bottiom
the: positiom of the drving membrane.
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