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Abstract
This work describes the development of a planar ingpvlexible valve in
polydimethylsiloxane (PDMS) with integrated opticcomponents on a
microfluidic device. Applying a positive pressure & side channel, the fluid
inside deforms the flexible PDMS which then redisete flow in a main stream
to an alternate output channel. Simulations offthiel and solid interaction in
two channel configurations are performed in COMSQising the Arbitrary
Lagrangian-Eulerian (ALE) technique. As a resufte tum and 1Qum flaps
were able to be deformed and redirected by a mtadéav velocity. A silicon
master was produced for making PDMS chips usingdstal replication molding
technique. Using a commercial miniature peristafiiomp, a 10um flap is
deflected in the microfabricated biochip by thedlflowing from the side at an

average flow rate of 130L/min in a 60um x 65um channel.
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CHAPTER 1: INTRODUCTION
This chapter describes the development of a netinganechanism in flow
cytometry. Brief introductions to flow cytometryubrescence activated cell
sorting, and lab-on-a-chip research are given.bdwkground studies done on
other types of sorting mechanisms are also disdusseally the thesis objectives

are stated in the last section.

1.1 Flow Cytometry

Flow cytometry is a technique for analyzing biokmicells suspending in
fluid flow. In 1947, the development of a flow cytetry device during WWII for
counting colloidal particles was published by Guakieal. [1] in the American
Chemical Society Journal. Later in 1954, Wallacel€@wp announced the
instrument for measuring the size and populatiolivefblood cells in fluid flow.
It is based on changing the impedance of a ceflenged in a conductive liquid
while passing through an aperture of a small tlilee. years later, Fulwyler et al.
[2] describes a true flow cytometry instrumentgorting live cells. Since then,
flow cytometry has been used widely by health steeresearchers for the

purpose of cell sorting.

1.2 Fluorescence-activated Cell Sorter (FACS)

A fluorescent molecule which can be selectivelyg&jon to a living cell
absorbs a specific wavelength of light and emigkmwavelengths of light. By

exciting the fluorescently labelled cells with éifént wavelengths of lights,
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identification and sorting of different cell typean be achieved. Applying the
flow cytometry technique, fluorescently-labelledi€ean be detected and sorted;
hence the fluorescence-based cell sorting deviB€Gj is developed. In late
1960, the first FACS system was published in pap&tanford [3]. Without the
advance micro-fabricated biochip, the first FAC&lide to sort cells by using
glass tubes and labware to confine the fluid flasvwell as lasers and optical
filters to excite and detect the fluorescence. Tpbanch-top FACS has been
made possible by manufacturers for laboratorietotoell research [4].

A fluorescence-based flow cytometry system typycedl/olves one or
more laser source for exciting the fluorescent ks carried by the cells (laser-
induce fluorescence, LIF). LIF systems have theaathge of narrow beam spot
size to be used with small detection volume, batstlection of available laser
emission wavelengths is often limited. The lampelafuorescence systems, on
the other hand, are less common, but have a wadect®n of the excitation
wavelengths by using different filters and optiskts [5, 6]. Different emissions
of fluorescent spectrums from different types abflescent molecules can be
used to identify the type of cells that carriednthdypically, a sensitive detector,
such as a photomultiplier tube (PMT) is requirediétect the fluorescent signals.
A complete FACS system also requires a passivetimeasorting mechanism to
manipulate and sort cells. Although conventionalOSs have been used widely
in many areas including medicine, biology and imoiagy, they are still costly
to operate [7-9]. Wollf et al. [8] demonstrated Emofabricated FACS based on

hydrodynamic switching that sorts cells at a rdt&2000 cells/s. Despite the



unknown reliability and repeatability, this highrdughput FACS device is
cheaper to make and has smaller footprint comparéte conventional

instruments.

1.3 Lab on a Chip (LOAC)

Recently, researchers are looking to miniaturizefiiw cytometry to a
smaller scale in order to reduce operational codtta provide portability for
doctors to do fast on-site diagnostic [7-1The development of photo-
lithography for microfabrication in the 1960’s gaesearchers a different
perspective for building things small [12]. Usingdkb-electro-mechanical
system (MEMS) technology and integrating the neangsgarts of a flow
cytometer on to a biochip, the device footprintd &abrication costs can all be
reduced. The integration of optics and microflaidevice (Optofluidics) is a
typical example [9, 13, 14]. Besides the integrat optics and other
components in microfluidic devices, the use of gohethylsiloxane (PDMS) and
ultraviolet (UV) curing material allows rapid proyping for lower fabrication

cost, and the concept of the disposable biochips]2, 15].

1.4 Background on Cell Sorting Mechanism in Microfluidics

There are many methods that can be used in matipuizells or particles in
microfluidic devices. In general, they are categexdiinto five classes based on

the type of force applied to the cells; magnetatjcal, mechanical, electrical and



other manipulation techniques [10, 16]. Attaching magnetic antibodies or
super-paramagnetic nanoparticle to any cells ef@sts, one can sort out the
specific cell using magnetic manipulation. Althowgtarge magnet is often
required, it is considered one of the cleanestraast efficient sorting
mechanisms because of the contactless operatidgitaDmanipulation (“optical
tweezers”) on the other hand is not as efficieat,ifopprovides a non-contact and
non-invasive way of manipulation. Using a high povaser, a cell can be
captured at the focal point of the electric fiefdypding a good solution for single
cell analysis [17, 18]. A similar form of maniputat is called “photoacoustic
tweezers”, which uses pulsed laser to create acamuate to capture a cell or
particle [19]. Mechanical manipulation obviousya contact method. MEMS-
based devices, such as the microgrippers oftend@mwplex mechanical forms
and can be difficult to fabricate [20]. Dielectrapbsis (DEP), one of most
commonly seen electrical manipulations and is aigasive due to the
application of the high electric field [21]. Fingllanother type of rarely seen
sorting mechanism, hydrodynamic sorting [22], 8aimilar to the sorting
method used here. Hydrodynamic sorting uses cdadréibw to change the state
of the main flow. However, hydrodynamic sorting ®times can have back flow
problem, such that the sudden pressure changasaffié the network [7]. In
this work, the flap is designed to manipulate avfend particles by closing the
opening of a channel. There are also other typgsaofar flap structures made
and designed for microfluidic purposes. Adam ef28] produced an upright

flap structure for the microfluidic purpose usinganplicated fabrication



5
technique. Junhui et al. [24] designed a microftumwbmp using a flap structure

which is fixed at the base using a thicker SU-8terad.50um).
1.5 Thesis Objectives

The main focus of this research is to develop a s@wng mechanism on
biochips using low cost fabrication techniques pratess steps. The concept is
to put a deformable flap valve in the microchaniiéke flap valve can be
activated by flow from a side
low directior
channel. An illustration of
proposed new sorting
mechanism based on the flap
structure is shown in Figure 1.1.
The top and bottoms are sealed
by two other PDMS layers.
Figure 1.1: Computer aid design (CAD) drawing of
Since most devices made in the flap structure from SolidWorks®
curable polymers are designed
to move in vertical direction, the displacemenfien limited by the thickness of
the layer stack. More importantly, the verticalbaigement is difficult to integrate
directly with microfluidic channels that are mada & mold replication
technique. This design avoids that restriction.
Using a multiphysics modelling tool, COMS®[25], the design was

optimized based on the simulation data. An estonaif the behaviour of the

flap under different flow speeds can be obtainadguthe simulation tool, and
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hence unrealistic design can be avoided. Oneecddvantages of using a flexible
material such as PDMS in LOAC is the low Young’sdulus. This means
without sacrificing the device area, a low driviiogce is needed to deform the
material to a large degree. PDMS is also much arg®g times in volume-wise)
than other highly used micromachining materialq.[26

In order to provide future practicality to this wpmany other features are
also included in the design. The splitter-mixer egwide was adopted for
monitoring the flow velocity using optical signg&/]. The solid core waveguide
for a simpler fabrication means was chosen [13].theese aimed to produce
highly integrated FACS devices at low cost with Brimtprints. The remainder
sections of this thesis discuss the detail ofsthrulation of flap movement in
fluid flow, the fabrication processes and challenfgeed in making the biochip,
the testing of the flap structure using a miniajeestaltic pump, and finally the

future improvement and potential application oftwiork.



CHAPTER 2: FLAP VALVE SIMULATION
This chapter describes the numerical methods wssidnulate the deformation of
the flap causing by fluid flow in the microchann€he fluid and solid interaction
problem was solved in COMS®GLa multiphysics simulation tool based on finite
element method (FEM). A parabolic velocity profgeprovided to the model as
the boundary condition at two inlets. The maximuowfrate of a commercially
available peristaltic pump was used in the simaiato verify the feasibility of
flap structures with different widths. By applyidgferent flow velocities at the
driving channel, displacements of the flap aretptbto find out the minimum
driving flow velocity required for the flap to ble¢he outlet channel. However, at
maximum displacement, the simulations were intéediplue to occurrence of the
inverted mesh elements. The simulation results wehg meant to prove the

concept of the movable flap due to fluid flow.

2.1 Introduction to Finite Element Method

The approximation made by discretization of a cardus problem is often
required when an exact solution cannot be obtauséty general mathematical
techniques. Finite element methods are one of mamerical analyses used to
solve continuous problems that are described byapdifferential equations
(PDE) [28]. The early form of this method was dssed by a few groups of
people, such as Argyris, Turner and Courant [2&h&ugh Courant is considered

the father of FEM for his early publication of tbencept in 1942, it is Argyris
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and others later supplied the details of the mef@8d30]. Since then FEM has
become popular for engineering design and anabgsiause of its flexibility in
dealing with complex geometries. FEM is found imast all commercially
available multiphysics software like ANSY$ultiphysics, COMSOF
Multiphysics, and CFD-ACE% In this work, COMSOF 3.3 was used to

simulate the fluid flow and structural deformatioiithe flap.

2.2 Fluid and Solid Interaction

The theoretical derivation of a moving fluid actiog a flexible structure involves
solving a complicated and coupled mechanical erging problem which is not
really a focus of this work. The focus of this seatis to describe in detail in
some workings of the COMSGlsoftware package, and hence to provide a
reasonable prediction of the flap valve behavioweil world. In COMSOE,
FEM procedure is used to solve theompressible Navier-StokBOESs andthe
plane strainPDEsfor flow pressures and velocities and mechanicatenent of
the flexible material respectively. However, flddd solid interaction is a
nonlinear and coupled system which has free bougslaith large deformation
of the solid material. This is hard to solve usingaditional grid system. The
boundary conditions of the fluid and moving mesaraye with time thus
requiring new meshes to be generated as the sioujatoceeds. In the
simulation, the Arbitrary Lagrangian-Eulerian (ALBgthod is applied to deal

with such a problem. The following section descsibiee details of this method.



2.2.1 Arbitrary Lagrangian-Eulerian (ALE)

The simulation of a low viscosity fluid and theXiele flap structure was
performed in COMSO® using ALE. In short, ALE is a description of matio
which can be used to solve dynamical engineeringlpms, in particular, the
interaction of the solid and fluid. ALE is commonlged for solving problems
involving the interactions between fluids and mavsolids in microfluidics [31,
32]. Extracting the advantages of the two classieskriptions of kinematics,
Lagrangian and Eulerian, the ALE can solve compl@blems such as coupled

systems with large displacement.

2.2.1.1Lagrangian Description

The Lagrangian description of motion, named afteremch mathematician,
Joseph Louis Lagrange, is mainly used in solvirgl structural problems. It has
a characteristic of fixing the material nodes witk system grid. This allows an
easier tracking of interfaces between differentamals. However, because of the
nature of mapping material particles to the noddéhecomputational mesh grid,
it cannot solve complex problem with large defonmatvithout continuously
generating new meshes due to distortions of thénn@@s the other hand, because

each mesh element in Lagrangian algorithm repredbkatone material particle, it
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has the advantage in solving history-dependenti@nad) such as strain hardening

phenomena [33, 34].

2.2.1.2Eulerian Description

By contrast, the Eulerian description of motion ednafter a Swiss
mathematician, Leonhard Euler, is favoured in fldyshamics. It is used to
describe a flow or airflow at a particular instamé¢ime. The basic idea of the
Eulerian description is to focus on solving the imoibf particles at a fixed point
in space at a given time. In other words, the nesiments are fixed in the
Eulerian description. Figure 2.1 shows the diffeeshetween Eulerian and
Lagrangian description in defining the particlegtians relative to the mesh.
While the Eulerian method dominates in solvingdltiow problems, the fixed
spatial grid does not allow it to solve problem#wnultiple interfaces (coupled

system) very efficiently [33].



2.2.1.3ALE Description

t Lagrangian description

t ALE description

2 Material point Particle motion

ONode e Mesh motion

Figure 2.1: Definition of particle motion and mesh
motion in the Lagrangian/Eulerian/ALE description
of motion [30].

11

The ALE description of motion
uses the advantages of both
above mentioned algorithms.
Fixing the material particles to a
referential grid system that it
inherits from the Lagrangian
algorithm has the advantage of
tracking interfaces between
different materials. On the other
hand, it also adopts the
characteristics of the Eulerian

description to dissociate the

material particle from the spatial domain, whicls tize advantage of solving

structural problems that have larger deformatidre Tharacteristic of the ALE

technique is to define a third domain to be thenarice of the spatial formulation

and the material formation, which makes this altponi powerful and capable of

solving the coupled physics problems with greagsolutions and larger

flexibilities [35].



2.3 Flap Simulation
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The following sections describe the modes usetersimulation model.

The user's manual included in the COMSQtackage provided a basic

understanding of the simulation technique appled simple fluid and solid

interaction problem [36]. By learning the tutorigi®vided in the package, the

simulation of the planar flap valve was accompliéshad showed reasonable

results.

2.3.1 Simulation Model

In COMSOL®, a two dimensional model was defined to simullaesftuid

flow in microchannel. There are three basic appiioamodes used in the ALE

simulation model. The fluid mode solves theompressible Navier-StokBPES

for the pressure and velocity of the moving flulte structural mechanics mode

solves theplane strainPDEs for the deformation of flexible flap, and lpshe

moving mesh mode solves the deformation of the méstwo dimensional

model was used to reduce the computational overlaeadto avoid the

gravitational force term in the Incompressible Ngastokes equations. The solid

and fluid material properties used in the simulattan be found in Table 2.1.

Solid (PDMS-like)

Fluid (Water-like)

Young's Modulus

800000 Pa

Density

1000 kg/ni

Poisson's Ratio

0.33

Dynamic viscosity | 0.001 Pa s

Thermal expansion coefficient 1.2x101/K

Density

965 kg/ni

Table 2.1: Material properties in the simulation
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The mesh shape is triangular dfidure 2.2 shows the mesh density and

the naming of the channel branches in the simuiatiodel.

Figure 2.2: Mesh plot of the flap and microfluidicchannel.

2.3.1.1The Incompressible Navier-Stokes Application Mode

This mode is governed by the Navier Stokes equatidasuming there is
no gravitational force or any other force actingtioa fluid, the body force is
equal to zero. The mode also assumes that a vidlcaaisvith constant density is
used. In other words the fluid is incompressiblee Tluid properties are set to be
water-like, for which the density is 1000 kg/amd the dynamic viscosity is 0.001

Pa-s.
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2.3.1.2The Plain Strain Application Mode

This application mode in COMS®lsolves the deformation of the
structure based on the fluid velocity. The flap ethis defined as a free boundary
has a Young’'s modulus of 800kPa and a density 5@@n?. The movement of
the solid and the deformation velocity are caladadnd used to define the new

boundary conditions for the moving mesh and fliqdagions.

2.3.1.3The Moving Mesh Application Mode

This application mode calculates the deformatiowvimg of the mesh
grid. Based on the deformation velocity field cddted from the plain strain
mode, a new mesh is generated after each stepe Traraes are defined in the
model, spatial frame, mesh frame, and material écabhe spatial frame uses a

fixed coordinate system, and is defined as (x,je Material frame uses a

}1 n:‘

i X

(@) (b)

Figure 2.3: (a) Example of an undeformed mesh, netthe spatial frame (x,y) and the
reference frame (X,Y) overlap. (b) Example of the @torted mesh; the reference frame (X,Y)
is deformed relative to the fixed spatial frame ().
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reference coordinate (X,Y). The mesh frame isafitifixed to the material
frame. At an instant time t, the mesh frame movigls mespect to the material
frame as the flap bends with increasing pressure.deformed mesh coordinate
after time t becomes (x+m,y+n,t). Figures 2.3a2:3th show the undeformed and

deformed mesh in the fixed spatial grid.

2.3.1.4Boundary Conditions

A water-like fluid is defined. No-slip conditions the channel walls are applied
for a viscous fluid. The condition for laminar flomas maintained during the
simulation. To demonstrate this, the Reynolds nun®e is calculatedReis a
ratio of the inertial force to viscous force, whistoften used to characterize the
microfluidic flow. In microfluidics, a laminar flovghould havd&Reless than 100
and close to 1[9]. The equation for calculatidgwith the density of the fluid,

dynamic viscosity, the hydraulic diametddy,, and the centerline velocityis,

puDp
e =
U

For a rectangular channel with widthand height, the hydraulic diametdDy, is
[37],

D — 2hw
T (h+w)

The density of the water-like fluig,is 1000 kg/m, the dynamic viscosity is

0.001 Pa.s and the channel width and depth [g6@nd 65um for the driving
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channel. The average flow velocitys 0.5 m/s. Based on the above information,

Reis 30, which is significantly less than 100, hetteeflow is consider laminar .

o velocty et [mjs] A lateral parabolic flow

velocity profile is assumed

at the inlet of the driving

ity field [m/s]
o
8

channel. The outlet is set at

/ 7 zero pressure. A general

iy parabolic function is

. : 2 5 , ; B 7 defined as shown in Figure

sre-length -~

Figure 2.4: The velocity profile with a center linevelocity ~ 2-4. As fluid flows through
of 0.054 m/s.

the driving channel, the
flap bends; the boundary condition at channel aladinges in the Navier-Stokes
equations. The mesh is also updated accordingetddformation and movement

of the structure.

2.3.2 Simulation Output

Two types of configuration of the driving channedre simulated, the
one-sided driving channel and the two-sided dridhgnnel. The two-sided
driving channel is designed to have two way cortfdlow which should help to
restore the flap to its original position by pughthe flow from either side. Since

the details of the work on both configurations ¢aerthe next section describes
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the details of work done on the one-sided configomaand shows the results of

the two-sided configuration.

2.3.2.10ne-sided Driving Channel Configuration

Three different widths of flap (Bm, 10um, and 15um) were simulated at
different inlet velocities in order to observe wttae flap fully closes the
collecting channel I. The flow velocity at the maind driving channel inlet is set
to be the same. In the following section, the ltasfiithe 10um flap simulation is
presented. Using the time-dependent solver from GOM, transient analysis of

the physics model is performed. Figure 2.5 showdlibplacement measured

45
40 |— — . 0.2m/s
. = +0.3m/s
35 | — : —— -0.35m/s
g. 30 |— . == « =0.375m/s
-E 0.37825 m/s
GEJ 25 — 0.3875 m/s
@ 0 e 0.4m/s
‘_% : 0.5m/s
[a) K
10 - 7._ S e == s == s oem o == b o= 0 == = e
5 %
0
0 0.02 0.04 0.06 0.08 0.1

Figure 2.5: Flap displacement at different drivingvelocities.

from the tip of the 1Qum flap during a 0 to 0.08 s at different inlet \@t®@s
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using the transient analysis. At lower flow vel@stthe flap moves only slightly
and reaches stable states. With faster flow sge=tlap moves quickly at the
beginning and then slows down until the flap mawea position where the flow
from main channel pushes the flap more effectivieigure 2.5 shows that when
displacements of the flap reach |14, the flap will deform quickly and reach to
maximum displacement. During the simulations of@tiem/s, 0.4 m/s, 0.3875
m/s and 0.37825 m/s inlet velocities, a stableestéthe flap displacement could
never be reached due to the convergence erroeglrfr@m the software.
However, based on the results shown in the Figitr@2d 2.6, we can conclude
that the flap can be activated fully when the dgvchannel flow speed is 0.37825

m/s or more.
R By regenerating the mesh

elements from the

[ e solution of the aborted
50 um
i simulation and then
. 60um -
solving the model based
S0um ii on the already deformed

geometric, Figure 2.6
was obtained. Figure 2.6
Figure 2.6: An example of two flows merging at onehannel

when flap deflected in a velocity profile plot. shows that the flap closes
thecollecting channel almost completely. As a result, the two streamftboof

from the main and driving channels merge causifagter flow in thecollecting

channel Il Thecollecting channel experiences nearly zero moving flow. Details
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of the mesh distortion will be discussed in Secfdh2.3. The information about
the time required for the flap to restore itseliswet found from the simulation.
However, quick restoration of the flexible PDMS Maé demonstrated in Chapter

4 where a pulsed flow is produced by a peristaitimp.

2.3.2.2Two-sided Driving Channel Configuration

50 um

(@) (b)

Figure 2.7: (a) Mesh layout of the two sided configration: (b) Simulation results showing
the flap is deflected to one side.

Figure 2.7 shows the mesh element plot and thelatron results for the
10 um flap in two-sided configuration. Figure 2.7b stsative flap being deflected
to one side by the side flow coming from the rigddsed on the simulation, the
minimum velocity required to deflect the flap fbig configuration is at least 0.5

m/s.
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2.3.3 Mesh Distortion

During the simulation, computational error occurvdten the deformation
was too large and physical contact was made betflegeand channel wall. A
comparison of the undistorted and distorted meghgisown in Figure 2.8. Figure
2.8a shows the slightly bent flap with good mesimant shape. Figure 2.8b
shows when the error occurred; the triangular nedsments become extreme and
narrow as compared to other areas. This error whichlled the “inverted mesh
element error” in COMSOY.is common to problems, such as this one where
large deformation occurs. However this problem megolved by generating
new meshes based on the deformed geometric sheygetlis aborted simulation
condition. The simulation can be continued basethemewly optimized mesh

grid, and using the latest solution to solve thelehagain.
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Figure 2.8: The mesh plot of the flap with (a) smaklnd (b) large displacement.
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Nevertheless, the flap can eventually touch thié aval new physical equations
must be added to the simulation model to accourthfimpact, friction and

possibly other effects.

2.3.3.1Summary

Simulation of the flap deflected by fluid flow int&wo-dimensional physics
model was demonstrated. The implementation of thé #echnique is able to
generate reasonable results. In fact, based agirthdation, 0.4 m/s was found to
be able to cause a n flap to deform and close the output channel. Adiog
to the product specification, a maximum flow rat80 pL/min is to be
produced by the purchased peristaltic pump andrarage flow velocity of 1.07
m/s is expected based on the designed cross-sacgarof the microchannel
(Appendix A). Thus, it is safe to conclude that fegistaltic pump is capable of
generating enough flow speed to deflect qud0Oflap and reach maximum

deformation.
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CHAPTER 3: DESIGN AND FABRICATION

This chapter describes the design and fabricatiethod used to
construct the biochips. First, the basic architexbf the microfluidic chip with
integrated optical waveguides is described. Thbetbp is made using a standard
mold replication method [11]. The BOSCH processhissen to produce
anisotropic deep silicon tranches on the mold mas$tee challenges of making
the free standing structure using the mold repboatnethod are discussed. A
residual layer of PDMS that remains after curingses the flap not to able to
move. Additional steps for reducing excess PDM$enm from the master is
described which avoids the formation of the reditlger. Methods such as
Doctor Blading/Screen Printing Method, PDMS dryhatg, and Clamp method

also described and were attempted to remove tidueddayer.

3.1 Basic Architecture

nl=1.41 reservoir nl =141 waveguide Cladding layer
[
n2=1.43 | / | waveguide n2=1.43 | | / L| Core layer
nl=1.41 / = V Cladding layer
fluidic channel =14 air gap
(@) (b)

Figure 3.1: The structure of optofluidic biochips @) End view of channel, (b) End view of
waveguides showing air gap claddings.

The basic construction of the integrated biochighewn in Figure 3.1. By

sandwiching the high refractive index material bedw low refractive index
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materials, an integrated waveguide can be produkieder et al. [38] reported a
method for making a PDMS biochip with integrated/eguides using a silicon
mold replication technique with custom-made pobysiines as the core material.
Azmayesh-Fard et al. [11] reported a similar fadtic;m method, but used two
commercially available forms of PDMS elastomers.

In this design, the microfluidic channel made ajthrefractive index
PDMS (Dow Corning 3-612) is sealed on the top and bottom by two PDMS
layers with low refractive index (Dow Corning Sytdal84%). Shown in Figure
3.1, the core is shielded by the claddings with tefraction index which are
formed by air gaps from the sides and the regulv8 from the top and bottom.
A difficulty with this method for making free staimg structure is to produce
openings on both top and bottom of the thin coyera The thickness of the core
layer is limited by the etching depth of DRIE pres®n the Si master. A new
procedure of making the thin core layers with opgsiis described in Section

3.2.
3.2 Fabrication Overview

The biochips were fabricated using a silicon masteld replication
technique in the Nanofab. The mold replication tegbe is a monolithic process
for making planar MEMS devices using the elastorR&MS. The mold master
transfers the pattern to the curable PDMS prepotyByeheating up the patterned
PDMS, the features are transferred permanentlgea®DMS cures. Anisotropic
etching of the Si masters using the BOSCH procadb® Inductively Coupled

Plasma Reactive lon Etching (ICPRIE) machine cadyee straight sidewalls in
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the trenches that are §n wide and 6%um deep. The liquid PDMS prepolymer
is then applied manually onto the master. A cleangparency is laid upon the
uncured PDMS and immediately lifted to reduce tb&S thickness. A second
transparency is then laid on the master. Two piet&snch square flat plaxiglass
that sandwich the master/PDMS/transparency arepgdrdown using four strong
metal clamps to expel excess material. The clampad is left in a room
temperature environment for 48 hours to allow tkguésion of the PDMS. The
clamped mold is then put in the oven for curing@tC for 30 min. After
removing the transparency, the
65 um microfluidic layer is
sealed using two thick cured
PDMS wafers by @plasma
bonding. Due to the RIE lag

effect during the DRIE process

(discussed below in Section

Figure 3.2: Flap finger showing the RIE lagging

effect after release from Si master. 3'2'2)’ the top of the PDMS flap

is lower than the surrounding layer as shown iufgéd@.2, and thus does not

attach to the thick PDMS layer after bonding.
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3.2.1 Deep Reactive lon Etching (DRIE) on Silicon

EHT =30.00 kV Signal A = SE1 Date 9 Dec 2010 | EHT =30.00 kv Signal A = SE1 Date :9 Dec 2010
WD= 36mm Photo No. = 6893 Time :13:42:14 WD= 36 mm Photo No. = 6878 Time :12:43:19

Figure 3.3: SEM of the narrow slot which will be flled with PDMS to become the movable
flap (side/top view).

In this work, the BOSCH process is used to prodiesp straight side
walls on master for casting the microchannel andegaides in PDMS. In the
BOSCH process, etching and passivation proceseedtarnated. The base of the
silicon trench is etched away during the etchimgpstand when etching stops, a
passivating Teflon-like polymer that is depositedto protect the sidewalls [39].
In this work, after optimization,
the deepest etching that can be
produced without doing an extra
thermo-oxidation step for
increasing the oxide mask height

is 65um. Figure 3.3 shows the

EHT = 30.00 kV Signal A= SE1 Date :9 Dec 2010
WD= 17 mm Photo No. = 6883 Time :13:19:38

Figure 3.4: The BOSCH scallops measured for the
height and depth using SEM.

results from the BOSCH
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process.
The drawback of the BOSCH process is the formatidiscallops” (Figure 3.4)
due to the alternating of the etching and passimatteps. The smoothness of the
sidewall depends on the cycle times and the etehofahe recipe. Higher
waveguide loss can be anticipated if the sidevealtsrough. Shorter etching and
passivation time steps can be used to improverttoothness of the sidewall, but
decrease the overall etch rate. There are manyitpets that can be applied after
the BOSCH processes to improve the smoothnese aiidlewall, such as use of
low concentration alkaline [40] or post-passivationCPRIE [41]. In this work,

none of these methods were applied to improvertf@thness of the sidewalls.

3.2.2 RIE Lag

During the DRIE process, the
smaller feature/narrower trench etches
more slowly than the wider open area, a
phenomenon referred to as RIE lag [42].
Figure 3.5 shows an example of the RIE
lag causing different etch depths in the

open area and inside the trench. This

Figure 3.5: RIE lag effect - the open area phenomenon is typically undesirable

etches deeper than the narrow trench [38]. _ _ _
because it causes non-uniformity on

substrates after DRIE process. However, in thiskwios effect was a great

advantage for the fabrication of the free standliayg structure. As shown in



27

Figure 3.6, the flap finger is much shorter thamghrrounding wall. This reduces

the chance of bonding to the next PDMS layer dutiiregsealing procedure.

WD = 50 mm Photo No. = 6974 Time :13:47:49

20pm EHT =20.00 kV Signal A = SE1 Date :14 Dec 2010
WD= 39mm Photo No. = 6976 Time :13:51:31

20pm EHT =20.00 kv Signal A = SE1 Date :14 Dec 2010 w

Figure 3.6: A SEM image shows that the flap figurés significant shorter than the channel
wall.

3.2.3 PDMS Demolding and Bonding

The thin PDMS film is picked up by bonding to ackhPDMS. Figure 3.7
shows the 65um film is bonded to a thick layer. Using the RIEahie in the
Nanofab, the PDMS layers are
cleaned and activated by an
oxygen plasma treatment and
bonded together. Two pieces of
PDMS were placed at the plasma

chamber for 30 s of treatment, and

)= 21 mm Photo No. = 141 Time :13:14:40

= 20001 p—— Dot 15 Fab 2011 ﬁ brought into immediate contact to

complete the bonding process.

Figure 3.7: The result of demolding the 6am
PDMS film from the master.
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Caution must be taken when
pressing the layers together; the
flap can be bonded to the upper
layer if pressure is applied directly
on top of it. Figure 3.8 shows the
final results of the sealed

microchannel under the

Figure 3.8: Microscope images after the microscope_
microchannel and 10um flap sealed between two
PDMS layers.

3.2.4 Residual Layer

The residual layer shown in Figure 3.9 occursraiteing and is a known
problem when using the mold replication technicd®45]. In Figure 3.9a, the
arrow shows the dark strip (residual layer) actbegop of the middle layer, even
in the opened area. The residual layer formed duha curing process is hard to
avoid. In fact, the residual layer is virtually iogsible to avoid if too much
material is used. In this work, while applying frepolymer to the master, a
transparency was laid onto the material to redheetickness of uncured PDMS
film. Although this method works occasionally, veidnd air bubbles can be

produced in the layer and destroy some other fanstof the chip.



Residual Laye

Open are

(a) (b)

Figure 3.9: Comparison of (a) remaining residual Iger and (b) lack of residual layer in
PDMS biochip [39].

The challenges of making a free standing struciigie faced by many
other groups. The reminder of this section discaifise methods reported by other
groups for dealing with this problem. The DoctdadBng method proposed by
Ryu et al. [44] uses a soft blade to mechanicaligove the excess material from
the top of the silicon master. It was demonstréted the about 1um of thin
residual layer can still exist due to the imperfacof the Si mold surface. A
post-processing by mechanical polishing is stdjuieed after the PDMS film is
cured. In this work, this method was not attemitechuse of the need of
mechanical polishing which might damage the siliotaster. The sandwich
molding technique or the clamp method is usediswork. Byung-Ho et al. [45]
introduces this method by using clamps to squeatzée excess material from
the mold for making three-dimensional microcharstelcture in PDMS.

Although a stronger force can be applied usingctamp, it still produces a very
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thin residual layer. By adding an additional stéisqussed in Section 3.2.4.1)
before this method, we found that it helped torctka residual film on the top of
the flap structure by applying the clamps direttlyhe top of the flap area.
Figure 3.10 shows the configuration of clamps andificon master and the

uncured PDMS.

Figure 3.10: A picture of the curing process of théhin PDMS film.

There are two approaches made in this work to dbkweesidual layer
problem. The first approach discussed in Secti@3l tries to remove the
residual film after it is formed. Since the residiager is hard to avoid, an etching
of the PDMS layer was attempted to remove it. H@velecause of the
roughness of the surface on PDMS film after etchihig method is abandoned.
The second approach discussed in Section 3.2.4.preventative method which
tries to reduce the excess material during caslihig method, called the “Lift-

off Method”, uses a clean transparency to lift kg ¢xcess material from the
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master. By combining this method with the clamphuodt a free standing
structure was successfully produced. The next eetians discussed the details

of the two methods attempted in this work.

3.2.4.1PDMS Dry Etching

Garra et al. [43] reported a drying etching reciéh a etch rate of 2Qm
/hr. In this work, the cured PDMS film with residlayer is left on the silicon
master and etched in a reactive ion etch (RIE) cieanCarbon tetrafluoride
(CR) gas is used as etchant in the RIE chamber. Blyiagptheir recipe, no
similar result would be found using the RIE tooNanofab. Although the
difference in height on several wafer locations whserved, the etch rate was
very low. The transparency and smoothness of PDayi& lwas destroyed after
the etching process. Eon et al. [46] reportedshi@bn-oxide-like products can
be formed in the first 5 seconds of the oxygen-t&tehing process and resulting
in a rough surface. Shown in Figure 3.11, the tdsdarity from PDMS film is
actually a rough surface full of small dips. Suadlmagh surface prevents the
bonding with the next PDMS layer even after thegetyplasma surface

treatment.



(a) (b)
Figure 3.11: The conditions of the PDMS film aftethe RIE plasma etching

(a) far-view (b) close-up on PDMS film.

3.2.4.2 “Lift-off” Method

After studying and attempting the methods descrddeal/e, a new method
was developed. After manually applying the PDMSmthe wafer, a
transparency is laid on top of the uncured PDMSenmedtand picked up right
away. This additional step is found to be efficienowering the height of the
uncured PDMS film to the level below the silicomtigre. Although it does not
allow a precise control of the film thickness, thsult shows that it is able to
produce a planar microchannel with openings. guf@ 3.12 and 3.13, the
profilmeter measurement shows that the PDMS filhouger than raised features
on different location by 7 ~ Bm. Based on the data shown in Figure 3.12 and
3.13, it was proved that this method is good irvengéing the formation of the
residual layer. In fact, by applying this procedprir to the clamping method,

the planar movable flap was successfully fabricated
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Figure 3.12: (a) The Alpha Step results for heighdifference measurement over 50im at
the location shown in the camera view in (b).
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Figure 3.13: (a) Another Alpha Step results for hejht difference measurement over 50im
at the location shown in the camera view in (b).

3.3 Design Overview

The mask for lithography was drawn using L-Ediased on the results
from the COMSOF simulation. There are three different designseftiiochips.
Each design incorporates one of the two waveguadts pvhich will be discussed

later in this chapter. Figure 3.14 shows the owsmof all three designs. All
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designs have the same footprint, 17 mm wide ansl hdn long. The 1Hm flap
was not included in the mask as a much highermlyifiow speed would have

been required based on the simulation results.

One-sided with 5um flap with  One-sided with 10 um flap Two-sided with 10 um flap
channel labelling see Table 3.1
for detail description

Figure 3.14: Overview of the design drawings.

The size of the reservoir was chosen to be 2 mimhaliorks with plastic
syringe tips for connecting plastic tubing. In th®-sided configuration, the
collecting channels were designed with varying cehmvidths to reduce the
chance of clogging of the particles. All dimensiams listed in Table 3.1. The
etch depth is 65m throughout the master. See appendix A for dethilke mask

drawing.
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One sided Two sided
Configuration (um) configuration (um)
10 pm flap 5 um flap 10 pm flap
Lengt | Widt | Lengt | Widt | Lengt .
h h h h h Width
(Cgl")ed'”g channel | 5052 | 50 | 3983 | 50 | 2960 | 50 | 162
fgz")ec“”g channel 3350 | 50 | 3000 | 50 | 2960 | 50 | 162
Driving channel (D) 4500 60 4500 60 4531 | 50 50
Main channel (M) 10314 50 10314 50 10314 | 50 50
Focusing channel (F) 9467 50 9467 50 9467 | 50 50

Table 3.1: Feature sizes for chip elements

3.3.1 Hydrodynamic Focusing

Hydrodynamic focusing is a mechanism widely usenhicrofluidics for
focusing patrticles in the main flow stream [47,.4B} squeezing the particle

suspended in the fluid with side

Sheath flow Sample reservoir

[eSEIVOIr flows at uniform velocity, the

particles will be focused and follow

the stream line of the main flow

stream. As typical microfluidic flows

. . . . are laminar and have low Reynolds
Figure 3.15: Chip configuration of the two-

sided driving channel chip and its 2D . .

stream line very well. It is particularly importaior FACS devices to have such a
stream focusing mechanism, since particles nebéd tdentified in sequence and
sorted corresponding. In this work, a two-dimenaldrydrodynamic focusing

mechanism is implemented as shown in Figure 3tX®nisists of two identical
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side channels that are féh wide merging at the main channel (&@). The two
side channels will create consistent sheath floses the two sidewalls for

focusing the main stream flow.

3.3.2 Integrated Waveguides

In order to make a highly integrated flow cytormetee integrated
waveguides were incorporated in the design for#acence detection. [49] . A
mixer and splitter waveguide was implemented tovalneasuring of the velocity

of the micro-beads traveling inside the microch&an@eel and McMullin [27]

Particle (ix) and (x)

A25
TNme = 204 sec
Time = 1.89 sec Velocity = 294 pm wﬁ
T Yelochy = M7 pmse
>
E {
z |
=
B /
ol '3
= A
o | 1

59 60 61 62 63 64 55
Time (s)

Figure 3.16: An experimental result produced by Goeand McMullin [27] using a
mixer-splitter waveguide made in SU-8.

demonstrated this idea using SU-8 biochips in thaper for measuring the
velocity of beads travelling in the flow. Depenglion the type of fluorescent

label that is imbedded in the polystyrene microesedifferent wavelengths of
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fluorescence can be emitted, excited by differemielengths of laser light. The

fluorescence signals coming from a particle passiegwo openings of the

waveguides are collected by a 1-mm plastic fibie faxd to the photo-multiplier

tube (PMT). Since the distance between two operigilgsown, the time

difference of the two fluorescence signals arrivaiighe PMT can be used to

calculate the speed of the bead that is passingght Figure 3.16 shows two

pairs of peaks of fluorescence signals that welleated by a PMT using a large

1 mm plastic fibre. The difference in time of whiitte two peaks arrived to and

picked up by the PMT is only depends on the spéélaedbeads travelling by.

Splitting

Splitting
<+—>

—

—

————

Mixing >
+—> <

Feeding

@)

»
»

Mixing

(b)

Figure 3.17: Layout of the splitter-mixer waveguids (a) and the splitter waveguide (b) from L-edit

Two different types of waveguides are includedlmrmask shown in

Figure 3.17. The one without a feeding sectioresighed to work with pre-

mixed light. Table 3.2 describes the dimensionitietd the two waveguide

designs.
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Feeding (LM) Mixing (JLmM) Splitting (JLM)
Length Width Length Width Length Width
Mixer- splitter - - 7829 140 1039 70
Waveguide
Splitter
. 4730 70 4389 140 1039 70
Waveguide

Table 3.2: Details of the waveguides

3.4 Finished Biochip

(@) (b)

Figure 3.18: Final products (a) one-sided configurigon (b) two-sided configuration.

The final product is shown in Figure 3.18. A thickeyer is used to
provide stronger support when the plastic tips@serted into the holes. The
testing results presented in the following secaomall based on one chip which
is a one-sided configuration with fon flap. Many of the chips were missing the
flaps which were detached during the demolding ggecor were never formed

because of contamination of the Si master.
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CHAPTER 4: TEST AND RESULTS
This chapter describes the details of testing ldg@ Structure using two

identical commercial miniature peristaltic pumpbeTsimplified drawing of the
testing setup is shown below in Figure 4.1. A deg@osupply is used to drive the
peristaltic pumps. By switching on and off the powepply, a flow can be started
and stopped. Two pieces of elastic tubing of 19emgth are connected to the
pump. The connections between the biochip anduthied are made via plastic

syringe tips.

e Main flow pump

. P i
Microscope / -

Side flow pump

Figure 4.1: lllustration of the test setup
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4.1 Miniature Peristaltic Pump

Figure 4.2 shows a
peristaltic pump (Dolomite
[50]) operating at 0-3 V DC
that was used to activate the
movable flap. The peristaltic
pump is driven by a

miniature 3 V DC motor to

produce maximum discharge

Figure 4.2: Photo of the peristaltic pump from pressure of 50 kPa. Similar to
Dolomite '

all peristaltic pumps, the flow is periodically pat (period ~2.4 s) as observed
from the test data that was obtained from manufacthown in Figure 4.3. In
the manufacturer’s test results, 100cm of @B0I.D. elastic tubing was used to
connect the flow meter and peristaltic pump. Figueshows the average flow
rate measured by the manufacturer at differentlgymitages. Based on Figure
4.4 and neglecting the pressure drop in the tulahthe normal operating voltage
1.5V, 130uL/min is expected to flow through the micro chantelthe (60um

X 65 um) channel, a maximum velocity of 0.56 m/s is expeat 1.5 V supply.
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Voltage

e00

Figure 4.4: Average flow rates versus supply voltags at 2 V
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4.2 Test Result

A camera was connected through the eyepiece @iracsinicroscope t
capture images of the flap moven. In Figure 4.5, slow oscillatiore the flap
which arevisible to the ey are shown due to the pulsed flow characteristimi
the peristaltic pump. Every " frame from the video is shown. While the refr
rate for the camera is 30 frames per sec the result of the pictures shows t
the flap oscillates with a 2.6 s period, closehi® peristaltic pulsing period 2.4
During the low pressure point of the cycle, thefimable to restore itse

consistently.

Figure 4.5: Flap movement wittin a cycle of the pulsed flow
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Varying the supply voltages of the peristaltic pyrig maximum
deflection of the flap during the oscillation o&tHuid flow was recorded. Figure
4.6 shows the relationship between the maximumiegpump voltage and the
maximum deflection of the flap. Note that the calieg channel 1 is fully closed

when 1.5 V or more is applied to the pump.

(@) 0V applied (b) 0.5V applied (c) 1V applied
(d) 1.5V applied (e) 2 V applied (f) 2.5V applied

Figure 4.6: Flap deflection at different supply valage

As stated, 1.5 V corresponds to an anticipated flelacity of 0.56 m/s.
Recall earlier in section 2.3.2.1 that apifl flap with one-sided configuration
requires 0.37825 m/s or more in order to achieveimam deflection during the
simulation. There is about 48% difference betwdensimulated and

experimental results neglecting the backpressutieeoélastic tubing used in the
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experiment. The discrepancy may be due to usimgpadimensional simulation
to model a three dimensional flow simulation. Allall, the movement of the
planar flap structure fabricated using mold repl@amethod has been
demonstrated. The testing results show that tipecia be deflected by a
pulsating flow from the driving channel and ressoitself when the pressure is

low.
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CHAPTER 5: CONCLUSIONS

5.1 Summary of Work

This thesis describes the development a planavéiafe fabricated using a
mold replication method. The large deflection & flap was tested using a low
voltage miniature peristaltic pump and the expentsashowed that with less than
50 kPa inlet pressure (the maximum pressure tlegbenistaltic pump can
provide), the flap can be deformed and can close@gening of an outlet
branching channel. Such a valve may be usefuldbrsorting purposes.

It was also demonstrated that the simulation datained from COMSOY.
mutliphysics software predicts the behaviour offtap deformation at different
flow speeds. Although the fabrication process @hstevices can still be
improved, the overall production cost can be kept &s a result of the silicon
mold replication method. Finally, this work has aimathat by implementing the
mold replication technique, quicker prototypingwibwer cost fabrication can
successfully produce a planar moving flap structu@DMS material. Moreover,
by utilizing the mutliphysics simulation tool, goodderstanding of the complex
fluid dynamic problem can be obtained and helpsitimize design overhead.
All'in all, this work has shown promising resultstiee planar moving structure,
which can be applicable to many MEMS-based devitesicrofluidics. In the
next section, ideas for future improvement and micdkapplications are

described.
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5.2 Suggestions for Future Work

5.2.1 Simulation

During the simulation, computation errors occur whap is making contact to
the channel wall. However, utilizing such a powenfultiphysics tool, the
simulation model can be expanded by adding moratems to include effects
such as friction and motion on solid interfaceseiter understanding of how the
flap is restored to its original position can béaitred and making the simulation

study more complete and allowing prediction of wyati performance.

5.3 Fabrication

One of the major challenges encountered duringdation is the making
of the thin functional layer and keeping the flapnfi contacting the top and
bottom layers. The residual membrane formed orofdpe silicon master is hard
to avoid. The “clamping” method used in this wopkeduces result but it is not
very reliable. It works if the thickness of the PBN& controlled, and the PDMS
material must be below the features of the silic@ster. However, other research
groups showed promising results for removing thyet using additional process
steps. Kloter et al. [51] and Mengying et al. [b2th proposed similar method of
removing the residual layer by using a sacrifitagker, and these might prove

useful.
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5.3.1 Potential Applications

The large displacement of the flap is an advantiagemay be useful in
MEMS-based device since the majority of micromaetimaterials are
crystalline or metals, which all have poor elasfidPDMS-based devices also
feature high yield points, which provide good rilidy when deformed for long
periods of time. An application based on the latgmrmation can be a
microfluidic multiple species cell sorting devid#ith very large displacement of
the flap, multiple sorting paths may be achievethwisingle driving channel by
carefully controlling the flow pressure.

A flexible and curable material like PDMS can beyweersatile at
integration with other platforms or parts. The maglication method used on the
high refractive index PDMS can produce highly imgggd LOAC devices at very
low cost. Integrating the deflectable flap struetwith a solid core waveguide, a
pressure sensor based on optical signal can be Ibligght is launched into the
light guiding flap, and captured with a photodetecthe amount detected will
vary with the deformation of the flap at differdluw pressures. A similar idea
was reported by Llobera et al. [53] in a PDMS wanedgs cantilever. In their
work, the optical fibre is not integrated usingthigdex PDMS. The PDMS based
cantilever is used to provide mechanical suppaitlenids the fibre. Based on the
results and experience from this work, a devicé similar function, very smaller
footprint and better integration with the opticahtgponents can surely be

achieved.
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APPENDIX A
Volumetric Flow Rate to Flow Speed Conversion

Volumetric Flow Rate Q

250uL/min = (250 x 10) / 60 n¥/min = 4.17 x 10 m*/s

Cross-sectional Area of Microchannal,

60 pm x 65um = 3900um?= 3900 x 10 m?

Average Flow Speed/

V = QIA,

4.17 x 10° m¥s / 3900 x 10°m? = 0.107 m/s
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APPENDIX B
Description of Mask Drawing
—
—
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Overall mask drawing

Two sided 1Qum flap design  One sided Jum flap design  One sided 1@m flap design
with splitter-mixer waveguide with splitter waveguide with splitter-mixer waveguide

40 pm wide straight channel 60 pm wide straight channel 80 um wide straight channel
with reservoir with reservoir with reservoir



