ABSTRACT

UCAR, AHMET BURAK. Development & Characterization of Multifunctional Microfluidic
Materials.(Under the directiof Dr. Orlin D. Velev)

The field of microfluidics has been mostly investigated for miniaturilzdd on a chip
devices for analytal and clinical application However, there is aemerging class of
fi s mamicrofluidic materials, combining microfluidics with softolymers to yield new
functionalities. The best inspiration fauch materials found in nature is skin, whose
functionsa e mai ntained and controlled by a vasc
here the developemt and characterization of a few new classeasiofofluidic materials.
First, we introduced microfluidic materials that can change their stiffness on demand.
These materials were based on an engineered microchannel network embedded into a matrix
of polydimethylsiloxane (PDMS), whose channels were filled with a liquid photoresist (SU
8). The elastomer filled with the photoresist was initially sbfte materials wre shaped into
a desired geometry and then exposedlV-light. Oncephotocuredthe materiapreserved
the defined shape antlcould be bent, twisted or stretched with a very high recoverable
strain. As soon as the external force was removed the nhatetianedback to its pre-
defined shape. Thus, thelpmerized Sl8 act ed as the O6endoskel et
network, whichdrasticallyi ncr eased t he aodbemgimgsnodule 6s el asti c
Second, we demonstrated a class of simple and versaftilenerofluidic materials
that can be turnedptically transparent or colored on demand. These materialsmatein
the form of flexible sheets containing a microchannel network embedded in PDMS, similar
to the photocurable materials. However, this ttlme channels were filled with a glycerol
water mixture, whose refractive index was matched with that of the PDMS matrix. By
pumping such dye solutions into the channel network and consecutively replacing the
medium, we showed that we can control the mated 6 s col or and | i ght
visible and near nf r ared regi ons, which can be wused

heat management.



To better design new color changing elastomers investigatedhe role of the
network geometry on liquideplacement efficiency with the aid of a multiphysics modeling
and simulation software package, COMSOL. We simulated the liquid flow in various
network geometries. Serpentine, parallel channel and lattice networks, as well as their
tapeed versions wereampared. The comparison criteria wé@sed on rapid and uniform
liquid replacement wittthe least amount of dye/liquid required, for which we set multiple
constraints such as constant inlet pressure or total channel area. We demonstrated that the
taperedattice type network provided the most rapid and uniform replacement with minimal
liquid waste.

Next, we designed a simple and inexpensive liquid dispensing microfluidic material
which does not require complex micromachining techniques or automatedoestuat
consisted of only a PDMS matrix with embedd
made on the surface and the liquid was released by contact on the dispensing surface of the
material. We varied the network design, geometry, dimension, sljgeshnd length, and
tested the material 6s | iquid release perforr
but for an end product with repeatable and reproducible performance, both material
fabrication and characterization need to be improved furthe

Finally, we describan alternative material/method for the fabrication of microfluidic
materials. We aimed to replace the conventional fabrication material PDMS with
Polyethylene (PEyheets. The sheets were as transpaaerdtflexible as PDMS, and als
thinner. Channel patterns were drawn withadymer solution ofPolyVinylAlcohol (PVA),
which is immisciblewith PE,and captureih betweerthetwo PE sheets. After fusing the PE
sheets on a hot press, PVA was uwiadsihce dc hoaf nfn ew
were successfully created. The produced channel widths wered 80mMim. Thisnovel
method eliminates the need for soft lithography and master fabrication, thus decreases the

cost and time of thmaterialfabrication.
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different D/Cs, (c) liquid use efficiencies of the corresponding lattice
networks for 90% displacement. £egpering ratio of D/Cs increased, not
only displacement time but also waste of colored liquid decreased.
Compared to Fhetworks, lattice networks with less tapering provided a
more rapid and uniforrflow with less liquid waste..................ccvvvveeenn. 70

Performace of the lattice network with double tapering: Not only D/Cs
were tapered but also the very top and bottom channels in the main
network. Images and material waste data correspond to 90% liquid
displacement. First pair of numbers in the legend showsaiherihg

ratio of 6D/ Csd and the second group

bottom (T/B) channels: (a) Snapshot of the network with tapering ratios
of 3:1 for D/C and 5:1 for T/B, (b) snapshot of the network with tapering
ratios of 4:2 for D/C and:2 for T/B, (c) liquid displacement rates of the
lattice networks with double tapering, (d) liquid use efficiencies of the
corresponding networks. With double tapering, most networks displace
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90% of the liquid with less than ~5% waste of coloregditl in less than
11 SECONUS....ceiiiiiiiieeee e 72

Figure 3.10 Comparison of various networks simulated in this study. Images refer to
the times required for 30% liquid displacement, which was chosen to
illustrate flow uniformity performances of the networks. Excegb&all
the inlet pressures are 1 kPa and channel sizes range from 343 pum to
351um: (a) 25 with an inlet pressure of 30 kPa5$ network could
not displace 30% in the simulation times, thus we included h&® S
just to represent the flow uniformity ofr&tworks, (b) singlescale H
51 network had a neaniform flow (inverseparabolic) in the network,

(c) H-51 network with wider D/Cs, 4:4, flow line became flatter, (d) H

51 net wor k wi t h tapered D/ Cs, 11: 1,
flow, (e) lattice newvork with single tapering ratio 4:1, (f) lattice network

with double tapering ratios 4:2 & 7:2, provide®ali agonal |l yo6 uni f
1110 1P TTPTP 73

Figure 4.1  Schematic of the concept of a new liquid dispensing device: when a
force is applied on the top surfacé the PDMS layer, liquid in the
channels will be delivered to the surface through the openings/slits and
will be later replenished from the intermabervoir..............ccccccvieieenn. 81

Figure 4.2  (a) Adigital photograph of an empty prototype where thansbers are
placal ontop of the channel network and @3$chematiof it filled with
a red liquid.Slits connect thelmmbers to the surface.................ooeo. 82

Figure 43  Photomask examples of the network geometries tested in the initial stage
of the network design selection. Iddition to size variations, the design
parameters evaluated included chambers sifageare vs. circular),
placement (top vs. bottom layer), channel placement (on single vs. both
layers) and conections (parallel vs. web)...........cccooiiiiiiiicce s 83

Figure 44  Schematic of buid release for the design where the material consists of
a microfluidic network and capillary pores opening to the surface due to
the pressure applied on the surface. Once the liqurélémsed, it is
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Figure 4.5  Schematic of the cdiguration where chambers serve as local reservoirs
and the slits are cut in the channels. Once pressure is applied on the top
surface, the liquid in the chamhbsrreleased through the slit................ 87

Figure 4.6  Various examples depicting the effects or nhal geometry and
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surfactant on the liquid filling/flow, digital images on the left illustrate
the networks without surfactant whereas the ones on the right contains
liquid with surfactant. The networks illustrated here show the following
samples: (a) aparallel channel network without surfactant, (b) a
serpentine network with surfactant, (c) and (e) networks with physical
obstacles without surfactant, (d) and (f) networks with physical obstacles
with surfactant. Chambers in (b) are fully filled vs. opbytially filled

in (a) (positive effect of the surfactant). However we also had several
cases where chambers were either not fully filled or had bubbles, (such
as (c) & (e) vs. (d) & (f)), although the liquid contained surfactant. We
believe here netwosk0 geometri es play a more i my
surfactant, such as the web formation of the channels in (c) and/or
focused flow due to obstacle enabling a smoother filling (e). In some
networks, we observed bubbles in the syst@mssibly due to surfaant

(), although they were sometimes present in networks without
surfactant (e). Independently of network designs, occasionally we had
dead regions during filling or after release, such as in (b) and (c),
because of defects during the master fabricatayn because of
irreversible SEaling..........v 88

Figure 4.7  Overview of the liquid release testiggocedure (a) a filter paper is
placed between the solid tip and PDMS device to absorb the released
liquid, (b) on a separate run, to have a clear observatittredfuid flow
during the pressing under microscope, a filter paper is cut in the shape of
the tip and material is pressed on the tip by hand, (c) side view of the
PDMS material placed on a scale before being pressed against the fixed
solid tip, (d) an inage of a filter paper, which absorbed the dispensed
liquid at five different SPOtS..........uceiiiiiiiii e e 89

Figure 4.8  Quantification of the dispensed liquid through individsiék. This is an
example set of data illustrating the homogeneous release capacity of the
mataials. Each sample could have maximum of 5 data points
representing the release through its five slits. Some of the samples
dispensed constant amount of liquid independent of the weight put on
the surface (such as S25 or S17), whereas in some sampleslieach
released different amount of liquid even with the similar force applied
(SUCN @S SO7 OF S11)...iiiiiiiiiiiiiiiiee e 91

Figure 5.1  Schematic®of the procedure of embedding a microchannel on PE sheet:
(a) the immiscible polymer (PVA) in a solvent is drawn on a PE sheet,
(b) the PE sheets are fused to each other on hot press so that the area
where PVA is present can be reopened to be usedasachannel...... 97
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Figure 5.2 Two sample images of PE sheets with PVA drawn on them (during
drying stage). The sheets had aeaaof ~8 x 10 cm(a) different colors
represent different concentrations of PVA. The lines have a width of
~0.91.0 mm, and were drawn with a pipette tip, (b) the lines had a
width of ~0.8 mm and drawn via an ink pen filled with PVA solution.
They were saled with an empty PE sbeafter 34 hours of drying........ 99

Figure 5.3  Digital images of sealed PE sheets with drawn microchannels made of
PVA inbetween. Due to their immiscibility, the region where PVA was
present, was not fusb@ddnpnnehoasfenabli og
single straight channels connected to a syringe via pipette tips, (b) a
simple serpentine network connected to a syringe via tubing. (i) Before
washing off PVA, (ii) water was pumped through the middle channel
and completely displad the blue colored PVA (except some residue
around the pipette tip area), (iii) we pumped colored water through the
middle channel and which successfully flows through the channel
WIthOUt @aNYIEBKAGE......ceviiiiiiiiiiiiee e 100
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CHAPTER 1

Introduction to Microfluidics



1.1Introduction 1 History of Microfluidics

In a speech delivered in 1959, Rich&¥d F ey n ma n herei$ pledty of rocantat the T
bottomd, inspiring innticeo andmahetecmolagiésCerstructing mot i f
and emplging microscopic mechanical and electro devices hadbeen a growing trend
since then. New disciplines in engineering emem@gethe advances in electremispawned a
new field inthe 1980s- microelectremechanicabystems (MEMS).

MEMS, whosetotal size variesroughly between 1 and 300 yrhad primarilybeen
created taeplace traditional methods fehallengingobservations and measuremeisisch
as the measurement ofluid-phase chemical kineticsand the characterization of the
boundaryslip phenomaeon in gasesImportant industrial successes, such ss af these
systemsin airbag activation also increased the interasMEMS. Integration of detection,
information analysisand signal proessing on one chip led &uccesswhich created an
increasedlemand foMEMS by numerous industrigs

With time, MEMS devices have found more and more applicationsh@mical
engineering, biology and biomedicine. tlme 1990s, the convergence of miailevicesand
fluid flow led to the establishment of another nasciblinei microfluidics. With its fluidic
focus the fieldhas enabled the development of misemsors, pumps, valves amlwel as a
myriad oflab-on-a-chip devices:>

Microfluidics has been a rapidly evolving technology area that interséttisthe
fields of engineerint®, physic$®, chemistry*!®, micro and biotechnology® by
incorporating compact design devices with high function&fitylicrofluidic systemsdeal
with the behavior, precise control and manipulation of flutdat are geontgcally
constrained to a smakcale - typicaly sub-millimeter or micrometer(Fig. 1.1). The
microfluidic devices or materials old have any size, but throcessedluid has to ke in
microscopic quantitiedn other words, although they should havenalsfootprint,the entire
device/material does noiecessarilyneed to be micrgize but the processes do need to be

miniaturized>>%



MICROFLUIDIC DEVICES Micropumps/valves/flow sensors
f_%
Microfilters/microreactors
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Figure 1.1 Size characteristics of microfluidic devices in length and volume scahlem
sizezdimi crof Bukedi cousd pr oces sMost of thé mierasydtemso | u me
deal with liquidvolumes of nL.

Scaling down tahe micro scale has not only led t@rious types of micrpumps,
mixers, valvesand separatordut alsoto many complexfluid handing devices since the
1990s. These devicesan control gas and liquids®?} measuretemperature?® perform
medical testing®?"?® DNA analysi$®>*° cell sorting®®' separatiorbased detectich>
micro-particle/structuresynthesit*'’*#° integation with advanced optical devic&s® and
much more(Fig. 1.2). These devices include miniaturizéabs on a chipand processes
which areadso called micre¢ ot al anal ysi §*"%Y%dRelativesto the TAS) .
traditional methods, ane of the advantagesnd innovationsthat these microfluidic
platforms have providethclude being portable and more cost effective per teltaiaing
results in shorter timewith high sensitivity occupying less laboratory space, having well
defined laminar flow and controllable diffusion, enabling high speed serial processing (at
singlecell level) and high degreaf parallelization (up to around 90* On the other hand
miniaturizing devices and procesdeigs up some drawbacks well For instance, due to
size limitations,the power avaiable in these devices is also limitednd mostly external
actuators (e.g. electriield) are needed to purmand process the liquidAlthough these lab
on achip devices offessolutions & many problems, due to profitabilitgsues they exist

more in a busines®-business market rather than in a businesanduser market®
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Figure 1.2 Examples of low costnd innovative microfluidic devices: (a) a diagnostic device
performing sandwich immunoassays(b) microfluidic mixing with the help of embedded
diode$?, (c) shape controlled polymer micgmrticles obtained frorthe UV-photo induced
polymerization of raltiphase laminar flows within a microchantfel(d) a photograph ofa
massproducible device to diagnogeectious diseasé$ (e) monodisperse double emulsions
generated in anicro-capillary devicé, (f) animage of a disposable diagnostic ¢4rdg) a
microfluidic cytological toolfor cell counting and separation, consisting of an integrated
micro-fabricated chip with an elastomer cover and molded fluidic conne&jofi® an
optical image of a device foparticle separation in a microfluidic channgl standing
surface acoustic wav®s (i) a schematic of single cell or singt®py genetic analysis
(SCGA) in nanoliter droplets. Beads pumped through a riattcated droplet generaffr

()) aschematic diagram of a microfluiditopletdyelasef’.

In terms of the driving force of the systems, the integrated microfluidic
devices/ platforms consisting of different 61
capillary, pressurdriven, centrifugal, electrokinetic and acoustic systems (Fijy Tl3se

platforms and their brief descriptions are given in Tabl€..1.



Capillary

- Lateral flow tests

Pressure driven

- Linear actuated devices

- Pressure driven laminar flow

- Microfluidic large scale integration
- Segmented flow microfluidics

- Systems for massively parallel analysis

Major microfluidic platforms

Centrifugal

- Centrifugal microfluidics

Electrokinetic

- Electrokinetics
- Electrowetting

Acoustic

- Surface acoustic waves

Figure 1.3 Microfluidic platforms classified according tbeir actuation method’ They are
described in detail in Table 1.1

Despite the commercialization aspects of thierofluidic devices they are very
efficient due to their small sample volume needbey provide means ofaster and easier
chemical synthesis d@n anal ysi s. | revoludionizec chemgcal amalysis s
integrated circuitgevolutionized the computingower on computers. They hairereased
the chemical screening power amévesped upmass analysis.For instance, hundreds of
parallel analges can be accomplished DNA, whereas this capacity is not possible with
conventional methods. Furthermore, microfluidic devices have created a mass market of

cheap and disposable devices forcommercial applications. Table 1.2



provides an overviewo the developments iIMEMS and microfluidicandustry.Due to its
novelty, convenience, and potential, microfluidésearch is now a part of many engineering

programs and every day new devices jnghurrent limitsarebeing fabricated®’

Table 11 A definition of a microfluidic patform in general andhort characterizatianof
major microflidic platformsi modified fron?®

Microfluidic platform Characterization

Definition of a microfluidic platform A microfluidic platform provides a set of fluidic unit operations, which are designed for easy combination
within a well-defined fabrication technology. A microfluidic platform paves a generic and consistent way for
miniaturization, integration, automation and parallelization of (bio-)chemical processes.

Lateral flow tests In lateral flow tests, also known as test strips (e.g. pregnancy test strip). the liquids are driven by capillary
forces. Liquid movement is controlled by the wettability and feature size of the porous or microstructured
substrate. All required chemicals are pre-stored within the strip. The readout of a test is typically
done optically and is quite often implemented as color change of the detection area that can be seen by the
naked eye.

Linear actuated devices Linear actuated devices control liquid movement by mechanical displacement of liquid e.g. by a plunger.
Liquid control is mostly limited to a one-dimensional liquid flow in a linear fashion without branches or
alternative liquid pathways. Typically liquid calibrants and reaction buffers are pre-stored in pouches.

Pressure driven laminar flow A pressure driven laminar flow platform is characterized by liquid transport mechanisms based on pressure
gradients. Typically this leads to hydrodynamically stable laminar flow profiles in microchannels. There is a
broad range of different implementations in terms of using external or internal pressure sources such as using
syringes, pumps or micropumps, gas expansion principles, pneumatic displacement of membranes, ezc. The
samples and reagents are processed by injecting them into the chip inlets either batch-wise or in a continuous
mode.

Microfluidic large scale integration M icrofluidic large scale integration describes a microfluidic channel circuitry with chip-integrated microvalves
based on flexible membranes between a liquid-guiding layer and a pneumatic control-channel layer. The
microvalves are closed or open corresponding to the pneumatic pressure applied to the control-channels. Just
by combining several microvalves more complex units like micropumps. mixers, multiplexers, ez¢. can be built
up with hundreds of units on one single chip.

Segmented flow microfluidics Segmented flow microfluidics describes the principle of using small liquid plugs and/or droplets immersed in a
second immiscible continuous phase (gas or liquid) as stable micro-confinements within closed microfluidic
channels. Those micro-confinements are in the picolitre to microlitre volume range. They can be transported by
pressure gradients and can be merged, split. sorted. and processed without any dispersion in microfluidic channels.

Centrifugal microfluidics In centrifugal microfluidics all processes are controlled by the frequency protocol of a rotating microstructured
substrate. The relevant forces for liquid transport are centrifugal force, Euler force, Coriolis force and capillary
force. Ass are implemented as a sequence of liquid operations arranged from radially inward positions to
radially outward positions. Microfluidic unit operations include metering, switching, aliquoting, ezc.

Electrokinetics In electrokinetics platforms microfluidic unit operations are controlled by electric fields acting on electric
charges, or electric field gradients acting on electric dipoles. Depending on buffers and/or sample. several
electrokinetic effects such as electroosmosis, electrophoresis, dielectrophoresis, and polarization superimpose
each other. Electroosmosis can be used to transport the whole liquid bulk while the other effects can be used
to separate different types of molecules or particles within the bulk liquid.

Electrowetting Electrowetting platforms use droplets immersed in a second immiscible continuous phase (gas or liquid) as
stable micro-confinements. The droplets reside on a hydrophobic surface that contains a one- or two-
dimensional array of individually addressable electrodes. The voltage between a droplet and the electrode
underneath the droplet defines its wetting behavior. By changing voltages between neighboring electrodes.,
droplets can be generated. transported. split, merged. and processed. These unit operations are freely pro-
grammable for each individual droplet by the end-user enabling online control of an assay.

Surface acoustic waves The surface acoustic waves platform uses droplets residing on a hydrophobic surface in a gaseous environ-
ment (air). The microfluidic unit operations are mainly controlled by acoustic shock waves travelling on the
surface of the solid support. The shock waves are generated by an arrangement of surrounding sonotrodes,
defining the droplet manipulation area. Most of the unit operations such as droplet generation, transport,
mixing, etc. are freely programmable.



Table 12 Examples of ompanies involved with MEM&nd microfluidicstechnology in

humidity sensors, data
storage, strain sensors,
microsatellite components

Sarcos, Xerox, Aerospace,
SRI, Hughes, AMMI, Lucas
Novasensor, Sarnoff, ADI,
EG& GIC Sensors, CP Clare,
Sielmens, ISSYS, Honeywell,
Northrop Grumman, IBM,
Kionix, TRW

USA (2003)"
Technological field Typical devices/ Companies Market 2003
Applications ($ Millions)
Inertial measurement accelerometers, rate sensors,  Tl,Sarcos, Boeing, ADI, 700-1400
vibration detectors EG& GIC, Sensors, AMMI,
Motorola, Delco, Breed,
Systron Donner, Honeywell,
Allied Signals
Microfluidics and gene chip, lab on chip, Battelle, Samoff, 30004450
chemical testing/processing  chemical sensors, flow Microcosm, ISSYS, Berkeley
controllers, micronozzles, Microlnstruments,
microvalves Redwood, TiN Alloy,
Affymetrix, EG& GIC
Sensors, Motorola, Hewlett
Packard, tl, Xerox, Canon,
Epson Caliper, Agilent
Optical MEMS (MOEMS) displays, optical switches, Tanner, SDL, GE, Samoff, 450-950
adaptive optics Northrop-Grumman,
Westinghouse,
Interscience, SRI, CoraTek,
Lucent, Iridigm, Silicon
Light Macines, tl, optical
MEMS, Honeywell
Pressure measurement pressure sensors for Goodyear, Delco, Motorola,  1100-2150
automotive, medical, and Ford, EG& GIC, Sensors,
industrial applications Lucas NovaSensor,
Siemens, Tl
RF technology RF switches, filters, Rockwell, Hughes, ADI, 40-120
capacitors, inductors, Raytheon, TI, Aether
antennas, phase shifters,
scanned apertures
Other actuators, microrelays, Boeing, Exponent, HP, 1230-2470




1.2 Microfluidic Device Fabrication

Most of the instrmental processes ub¢o fabricate MEMS are utilizeith the manufacture

of microfluidic devices as welln terms of structure, most microfluidic devices tend to be far
less complex than microelectronic circuits. However, natdentirely solidstate, having
moving parts and containing fluid media, makes microfluidic devices in a sense more
complicated than microelectronic devicBatch fabrication oflevices is possible Wi many
replication and forming techniquesuch astraditional siliconbasd micromachining
technologieswhich can providethe mastes for replication.Complex microfluidic devices
based on plastianicrofabrication could be fabrited in the near future with further
achievements gilasticbased microelectrocs **

The selection of the fabrication method principally depends on the desired function of
device and which substances witle used in the channelsor instancemicrofluidic devices
fabricated in materials such as stainless steel or ceramics siredder applications
featuring highly corrosive chemicalsMicro-cutting, laser mehining, micreelectio
machining, and laminatg are a few examples afternative fabricatiotechniquesAnother
novelal t ernati ve i s 6cof anewmodda foridesigning andvibuildingh r e p
multicomponent microsystems. It facilitates precise integration egidtration of multiple
materials in one layer enablisimple and economical fabricatiéhThese alternatives offer
some advantages in strupt flexibility. For instance, by using different modificatioabthe
direct ink writing technique, -B microvascular structure@ig. 1.4)could be fabricatedf
The freedom of material choice make these techniggg®us competits for silicon
micromachining sincethe necessary geometric features of the degicgrictly determined
by the choice of the materjalvhich create limitations for the device us@ terms of both
apgication and commercial aspeét¥

Most of the traditionalfabrication technique can be classified as additive (chemical
vapor deposition, thermal oxidation, etc.) or subtractive (wet etching, dry etching, etc.).
Among them, potolithographyis the most important techniquadely used in microfluidic

fabrication? For glass, the teatiques are mostly limited by wet etching or laser ablation



Figure 1.4 An example to omnidirectional printing of alBmicrovascular network within a
hydrogel reservoir, (a) the ink is in a chemically crlasked hydrogel matrix, (b) the ink is
liquefied and removed to prse the microvascular channefsodified front®.

techniques,whereas for polymemicrofabricatiol® there are many different methods
depending on the requirementkligh-pressure injection and hot embossing are two
techniques that carbe applied to plastics for making the devices appropriate for
electrokinetic flow. Roontemperature imprinting reduces the fabrication time (as low as 2
minutes), and injectiomolding enables the creation ofCBshapes. Another methothe

laser photoalaltion processjncreases the electroosmotic mobilitsurface charge in the
channels but channelwalls have greater surface roughness compared to the methods
mentioned abové. Some of the most commonly used fahtion tehniques aréistedin Fig

1.5%

Photolithography Solidification Subtractive Additive
or Reshaping Processes Processes
- Cast!ng . - Plasma Etching - Vapor Deposition
- Replica Molding - Laser Ablation - Electroplating
- Hot Embossing - Abrasive Jet - Contact Printing
- etc. - etc. - etc.

Figure 15 Broad categories of micHabrication processedhe techniquesre grouped
according to their fundamental commonalities, whereas there are also other classification
alternatives in terms ohaterial, serial versus parallel approaches, ovdnalensional scale

etc. Some of the most commonly encountered bulk modification processes in- micro
fabricationwhich are not listethereincludeion implantation, diffusion, and annealifiyy.



The materials used in the fabrication of the micro devices s&iapending on the
application The purpose othese devicesnd the chemicals used in theare important
criteria when choosing which material to use, as they have quite diverse mechanical
properties (Fig. 1.6)The @mmonlyused material$or the matrixof microfluidic devices
may be divided intahe major caegories of polymers, silicomlass, and metal©riginally,
silicon and glass weréhe main materials for electrical and mechanical deviéésowadays
many polymer¥ in the form of plastics and elstomers, such as polydimethylsiloxane
(PDMSY i are used for microfluidic device fabrications. The biggest advantage of these
Asof t @lsimthdt they provide easy, rapid and inexpenfabecation. While glass is
optically opaque to UV, plastics drpolymers, such as PDMS, are optically transparent to
both UV and IR which can be useful in detectioifhey also allow awider range of
geometries to bé&bricated.Probably due to these conveniend@®BMS is the most widely
investigated polymer materiah microfluidics. It belongs to the broader polymer class of
silicones, which are characterized by a siloxane backbone of silicon and oxygerf‘atoms.
singledesignmaster is enough to replicateveral prototypes madd# PDMS and they can
be sealed tother samples and surfaces reversibly or irrever$iby. Furthermore, PDMS
offers many advantages such as biocompatibility, thermal stability, chemical inertness, and
low toxicity. As a result it has beconmme of the most used matesdbr the micrdluidic
devices*! Some disadvantages of PDMS are its gas permeability and swelling in solvents,
which makes ti less fawrable for some applications. However, someéditives and
fabrication modification have been shown to be etfive in reducing swihg.**

SU-8, whichis an epoxybased photocurable resiis another common polyménat
has gained widespread usemicrofabrication particularly because of the hightureaspect
ratio that can bachieved It is subject tgphotacuring when exposed 13V radiation, while
masked regions remain soluble arate removed during the developing steyb
photolithography. St8 is a versatilenaterial for fabrication oéxtremely diverse types of
microfluidic devicesAs a photosensitive yet mechanically resiliematerial, SU3 is used
for direct fabri@tion of microchannelsind embedded flexible structures, as well as for

sacrificial layers and masksor etchingor abrasive machinintf
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Figure 1.6 Mechanicaland thermalproperties of some common matésianvolved in
microfabricatiod” (@) Youngés modul us ( G440 tensilé btiengtle | on g a
(MPa), (e)melting poirt (°C) and (f) specific heat capacity (J k&™) of selected materials

modified front”.

Taking into account the simplicityp lithography is the most common fabrication
technique for the@rototyping ofmicrofluidic devices madef PDMS 1134950 Microfluidic
devices can be fabricated by soft lithography in less than on@~@ayl.7), and the replicas
are prepared much fast™® In this techniquePDMS isthe preferredelastomeric material.

The designed channels are fewinon a silicon wafer using hotoresist,SU-8, which is
commercially available in different viscosities so that arbitrary film thicknesses can be

11



achieved. The photoresist is spin coated on the waier then soft bakeat 65°C and 95°C

as required. A photomask is placed on top of sbf-baked photoresist and the wafer is
exposed to UV light, so that the design on piwtomask is transferred to tpéaoresist.
After the master is post baked, tin@polymeized part of the photoresistiemoved with the
solvent and the replica mastean be used several times. The channel width can range from

severako hundreds ofnicrons.

a) 1. Photoresist application 4. Development Beaker b)

Photoresist
AP, dropper
£ 4

=== ( Developer

5 Siiconwater | g ==
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[ e chuck within channel imprint —
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(2224 vy cure m_crmir V Buffer
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crosslinking L Sample injection reservoirs PDMS, glass, ...

Figure 1.7 Schematics btypical sequences of steps nmicrofluidic device fabricatioft>":

(a) cetailed pocess flow for creating PDM®icrofluidics using SLB molds?, (b) a brief 3

D illustration of the proced§ atransparency carries the desired designich is transfeed

to the photoresist on the Si wafer by photolgtaphy. Many PDMS replicas came
fabricated by molding, and they can be sealed onto various surfaces reversibly or irreversibly
depending othe needSurfaces can be treated chemically before the seals®the aqueous

flow.

Once the replicanaster is prepared, thevd PDMS components (base aodring
agent) are mixed in 40:1 ratio and poured onto the mastBegassingbefore use is
recommendedsince it decreases bubble formation in the samples.sdimple is cured at
70°C for 3060 minutes depending on the thickness of the PDW& aired PDMS is
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removed from the mastekIpeeling it off carefully, after whicholes (inlet,outlet etc.) are
punched into the sample by a steel rod or a needlefabhieated PDMSayers can be sealed
on another PDMS layer, glass or another substrate reversibly. ifremersible seal is
desired, it should be treated with oxygen plasme sealed immediately, as the oxidation
effect wears off exponentially with tim&o increase the strength of tireeversible seal, the
PDMS layers can be cleaned with ethanol before plasma treamenafter the seal, it can

be cured in the oven at 702@1+1344,47.4%51

1.3 Characteristics of theFluid Flow at the Micro-Scak

Flow characteristics in microfluidic channels plag important role in thelesign of the
devices. Kinematic, transport, thermodynamic and other properties dtighend/or flow,
such as velocity, viscosity, diffusivity, pressure, temperature, sugasen, etc.determine
how the fluid flow can be modeled or analyZdeluid flow analysiscanbe performedn two
ways: as a continuum or as interactions of individual moleéifed.As the length scale
decrease$Fig. 1.8, it can be difficult to boose the better approaahdrelevantgoverning
equationsvhen analyzinghe systemsince the walkurface interactionat a molecular scale
may become importarit.However,if the molecules of a fluid are closely packed relative to
the length scale ohe flow, it can besafelymodeled as continuous medium. Fanstance,
inalle m channel, there woul d b esigrifgdnteiodghto wat er
select the continuum approachnd NaviefrStokes equations fothe macraescale still
h0|d.2'52'53

Scaling laws for microfluidics often show that behavior of the most relevant physical
phenomena can differ vastly for devices in misoale compared to those in masaale.
The major reason for this, which is also an advantage of microsysternai msta system
size reduces, its surface area to volume ratio increases. Typically, for adevice, this
ratio is of the order of £om, resulting in the dominance of surface effects over volumetric
effects® For example, surface tension dominategrogravitational forces, electric fields
tend to be far more influential than pressure gradients, and molecular diffusion becomes

more significant relative to bulk fluid displacement.
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electrical fields and

d > 100“11’1 surface tension can
dominate over pressure

and inertial forces

classical microhydrodynamics

S

d < 100um

continuum breaks

bulk electroneutrality fails R
down in liquids

d < 100nm : %’g
(]

oo ot — sx —

Figure 1.8 Some fundamdal size scales relevant fluid physics depnding on the length
scales As it movesfrom macro to micro and further to nano, the assumptions for relevant
governing equations and boundary conditions chahge.

Analysis of fluid mechanics often bdiie from dimensionless numbetisat describe
flow behaviorby comparing active forces in the systefnsummary of the @mmonly used
dimensionless numbers and the ratios they represéisted in Table 1.3In microfluidics
the most frequently mentionedimensionless nuna is the Reynolds number (R&,

which gives the ratio of inertial forces to the viscturses:

rulL
m

eR

(1.1

where} is the densityl is the velocity,L is thecharacteristic linear dimensifhameterof

the channebnd u is the dynamic viscosityRe in microfluidic systemgenerallydoesnot
exceed ~10 and is often even less than ~1, which showsishats effectgitherdominate
inertial effectsor play significant rolesn the microfluidic devicegompared to other large
scale flows* The dominance of inertial or viscous effects is of significance depending on the

application for which the device will be usdtr example, Wwen Re is greater thamder10,
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it takesrelatively powerful actuators and pumps to drive a microfluidic device. In order to
have such pumps/actuators/valves as integral pdrtee microfluidic device, fabrication
challenges had to be escome. However, when Re is less thdn mstead of integrating
mechanical actuators with moving pargsirfacemodulated phenomena could bged, such

as electrokinetic pumping (e.g., eleetemosis) and capillary surfatension effects,
electremagneic force fields, and acoustic streamiig.

Due tovery low Re valuesthe flow regime in microfluidic systems can Ilsafely
classified as laminaiExceptionsto this rulecould occur due to effects related to entrance
regions, norNewtonian fluids, wall &p, surface rougness, and viscous dissipatin
Laminar flow could be both advantageous and disadvantageous dependingpplittadn

of the system. For instancthie laminar regime facilitates modeling acithracterization of

Table 1.3A list of the dmensionless numbers commonly used in mgeale fluidic systems
and their significance.

Reynolds Re pUL inertial/viscous
1L
Peclet Pe % convection/diffusion
U
Capillary Ca aka viscous/interfacial
4
Knudsen Kn & slip length/macroscopic length
L
Prandtl Pr v viscous diff. rate/thermal diff. rate
o
L2
Bond Bo Py gravity/surface tension
Y
T
Deborah De L polymer relaxation time/flow time
Tﬂow

where pis density, U is mean velocity, L is characteristic length, p is dynamic viscosity, D is mass
diffusion coefficient, yis surface/interfacial tension, A is mean free path, vis kinematic viscosity, a is

thermal diffusivity, g is gravitational acceleration, 1, is stress relaxation time and Tpow is time scale of the flow.
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the flowin the channels. On the other hand, mixing becomes arblgem since different
liquid layers do not mix due to lack of turbulence. The amixing in such devicess
through diffusion which is not rapid enoughThat is why wherncomparing microfluidic
flows to macrescde counterparts, diffusion alwaysaysa more important role compared to
convection and bulk flow.Passive diffusion is mostly inaduate for rapid mixing
applcations and must be enhandaylcertainmethods such as modifying channel walls to
more actively disrupt flow streani$Especially for separation and filtering applicatiqres
large diffusion coefficient can be beneficial. these systemshé differences in diffusion
coefficient alone can be used to separate smaller particles from larger ones in a mixed flow
without any need for membranes or centrifuge methddsbulent regines canprovide a
solution for effective mixingbut it generally requires high flow rates, imostly high
pressures and this could cause mechanicéllgnts for microfluidic devices?*#4>*0On the
other hand for certain applications, inertial effects can be incorporated in microfluidic
systems # changing geometry and increasing flow speed. Thusinstance, enhanced
mixing, particle focusing and separation could be achieved effici&ntly.

The fluid flow in microfluidic devices can be generated by many external driving
forces such as pressuyeadients, capillary effects, electric and magnetic fields. De#pite
physical variety, we can categoriz¢hem intwo main driving forces, either by pressure
(Poiseuilleflow) or by electric field (electroosmosis or dielectrophore§islP oi sewaw | | e 6's
describes the flow of a Newtonidiaid through a circular tube of lengthand radiug, and

relates the flow rat to the pressure drap mcross theonduif*>*:

Another important parameter farharacterizingmicrofluidic flow is the fluidic
resistanceR. Fluidic resistancén a conduit ishie pressure drop divided by thelume flow

rate,which is an analogous effeot the electrical resistance (R=V/l).hE resstance in the
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channel varies proportionally tihe inverse of the fourth power of channel raditisThis
represents a very unfavorable scaling relationship for predsiwen flow, because reducing

a channel size by a factor of 10 increases the fluidic resistance by a factor of 10,000.

8mL

R
pr

(1.3

Thevelocity profile observed for pressure drivenwilas paraboliqFig. 1.9) whereas
it is mostly flat across thehannelduring the electroosmotic flow. In both flow types there
are some disadvantagdsgst, in Poiseuille flow, the nomniform flow speed makes some
microfluidic devicesimpractical. For instance, separating different molecules in a solution
would be mordifficult with a parabolic flow profile since it broadens the bands of different
species? Secondly, theyequire reliable mehanical pumps which are difficult to fabricate.
On the other hand, the devices using electroosmotic pumpireg highly sensitive to
impurities in the fluid,which decreases thperformance. Thse devices also need high
voltage as the drivingparametel’ Nonetheless, these problems can be ameliorhged
manipulating the desigparameters such abannel crossection, curvature, wettability, and
surface chargéForinstance, during filling of thehannels, théigh capillary pressuse(egn

(1.4))can caus problems:
p29 1.4

where P is the pressure) is the surface tensioand R is the diameter of the channel.
Capillary problemscan be overcome by adding surfactanth®system, whiclkchanges two
important @raméersin microfluidics, the surface tension and contact angle with the veglls
increasingthe wetting of thefluid.? Surface wetting is an important fluid characteristiat
can be controlled for certain desired functionalitiesmicrofluidics. Electrowetting is a

commonexanple of manipulating fluids by locally changing the charge on a surface, which

17



a) b)

100 pm

R e ar= ]

_V])

Figure 1.9 Velocity profile for the pressure driven fldlv (a) A pressure gradient generages
parabolicvelocity profile, schematic representation, ghjl experimental olesvation ofthe
fluid in Poiseuille flowmwith the help of fluorescence.

in turn alters the contact anglehich quantifies the wettability of the surface with the liquid
For example, lean glass is hydrophilic, smater forms a contact angld, close tozero. In
contrast, water droplets omydrophobic surfaces readiigh contact anglestypically in
excess of 90°, and thus have a rounder shape hleaispherical® The contact angle
between a liquid and solid can be altered by other mechanisms asuehbllas thermal
gradients and photimitiated changes to surface conditidfis.

The fluid-wall interaction andhuscompatibility of the fabricatin material with the
fluid play an importantole in micro-scalesystemsMicrofluidic devices areonventiondly
usedastools forsensinganalysisor synthesis, where the manipulation of the fluithis key
parameter for controHowever, more complex devices have dm®endeveloped such as
composite microfluidic materials whethe matrix gainsextra functiomlity thanks to the

fluid in the channel networleor these systems, flow analybscomes even more important.
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1.4 A New Class of Soft Microfluidic Materials

Microfluidics has already revolutionized many sensing and analyzing techniques thanks to its
rapid analysis and detection potential. Microfluid&vices are becoming widespread in both
scientific and indstrial application$:***"*® However, mly recently has thepotential of
Amicrofl uidic mat er i alors presshre, etempdiael and tothéri e d .
propertiesof the liquid inside the materiab embedded micrghannels can be controlled,

which promises to result in neand more compleraterial functionalities.

Table 1.4 An overview of varioussystems andbjects from nature and theselected
functionsbeing analyzed for biomimetic materiglsnodified from>®,

bacteria | plants | |[insects. spiders, | aquatic *| birds
— lizards and frogs animals i
biological chemical aerodynamic
motor —  energy | | superhydro- low hydrody- lift
comnversion phobicity namic drag :
light
superhydro- reversible | energy coloration
phobicity. self-| | adhesion in dry production
| cleaning. drag and wet camouflage
reduction environments - -
mnsulation

hydrophilicity

adhesion

motion

seashells, spider web moth-eye fur and skin biological
bones, teeth | effectand of polar bear systems
biological structural

high self-assembly coloration thermal self-healing
mechanical msulation
strength antireflective sensory-aid
1 surfaces devices
structural
coloration
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Mimicking either nature or the human body with structural designs, biomintéfics
has been a source of examples for scientists. For solutions to difficult problems or new

advancements in our lives, nature has always been the main inspiration source, as the

a) o—Catalyst ® . ° b)
.
° @ Microcapsule—5 ~ Epoxy coating
L ° o .
Released

° .
L
e ?Healing agent A ~
%
_~" healing

° ~ agent

sensor

Microvascular
substrate

®Polymerized
healing ggent

2mm =

Channels

Elastic |
Film \ |4

Figure 1.10 Examples of nosl microfluidic materials: (a) wonomic crack repair by
microencapsulated healing agent embedded in the sYstéah schematic diagram arah
optical image of a seliiealing structure after crack formatfan(c) an elastic adhesive is
embedded in the microchanmé|€d) photographs of a metallic microstructure with a basket
weave pattern embedded in PDMSef) pigment dispersions of aiatofluidic leaf?, (g) an
x-shaped softobotin five different regions adopting coloration for background matéfing
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answers to many technology problems already exist in nature. With the advances in polymer
science and microfluidics, achieving solusan those problems have become more realistic.

Combining soft materials (hydrogels, biopolymers or the ones used in
semiconductor§} with microfluidics has provided new functionalities such as-lsetfling
and reversible adhesion, susdrophobicity, slf-cleaning, energy conversion and
conservation, materials with high mechanical strength, biological-assémbly,
antireflection, structural coloration, thermal insulation and many more as pointed out in
Table 1.4°

Some unconventional examples (Figld of microfluidicbased materials include
reusable, strong adhesives without sticky |a¥ferselfhealing composit8s capable of
multiple repair cycle$®? materials with seltleaning surfac&d color changing soft
machines for camouflage and plmy®*, and flexible 3D electronic structures in solder
(microsolidics}®, which can produce, for instance, reversibly deformable and mechanically

tunable fluidic antenn&y

Bloodjplet

:DEP

electrode Pad

H Airoutlet
H

Figure 1.11 Examples of ariousorgans on chips (a) artificial liver cell, a photo of the final
cell-patterning chip and the SEM image of the detail ebglet geometry. The closaew
showsthe concentric rig electrodes with stellatips’, (b) lung on a chip, a photo showing
blood and air inlets and outlets and the microfluich@nnels comprising the devite(c)
PDMS cilia, optical imageof cilia in air'’, (d) and collapsed PDMS cilia due to water
introduction, scale bars: 200 fin
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A number of these composite microfluidic materialavén shown promise for
applications in meadal fields. A combination of microfluidics with the relevant fabrication
and analysis techniques created so catisghnron-chips®” With developments in tissue
engineering, 6organs on a chip6 have become
other applications. A few promising examples to these composite microfluidic
materials are shown in Fig. 1.11, and include artificial I6fs which use air as its
ventilating ga¥®, artificial heterogeneous liver cells mimicking lobular morphology of real
liver tissu8”"® silicon cilia mimicking the high compliance and beating frequency of
biological cilia™.

Many of these microfluidicomposite materials have multigienctionalitiesthanks
to their microvascular network The channel netwonkworks as tie supplierof the fluid
whereaghe matrix material serves for confinement or support. The best natural example for
this type of synthetic microvascular systems is the skin, which offers functions such as
temperature reguii@n of the body, selhealing damage protection and waste remoVale
operatingfluid in biomimetic devices i . e. 0 bsynthetidsgsters, fis seldtted
depending on theuhctionality desired and its compatibility with theatrix, which determine

i
o

Figure 1.12 Examples ofcomputationdly optimized microvascular channel desidfis(a)
two branted tree networkwith channel diameters optimized for minimum flow resistance
using constructal theory (b) ateriatlike 3D flow network path for two input nodes
determined by gradi¢#based optimization.
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the characteristics of the composite material. These composite materials have been mostly
investigated for selhealing or temperature control functions. For these types of
functionalities, there are still many design parameters, ggotuinizing the microvascular
channel structure is one of the main research topics (Fig. %.12).

In the next section we present a detailed exampigiabfluidic compositematerias
with altered physical propertie3.he matrix material, which is initiall soft, gains new

functionality thanks to the fluid in the microvascular channel network

1.41 Materials of Controlled Shape and Stiffnesswith Photocurable Microfluidic
Endoskeletor®

We describe herenather unconventionahicrofluidic compositemateral in the form of
flexible sheets that can be solidified on demand by light to acquire specific shialsesork

has been performed alongside the projects described later in this Tesisiatrix of the
material is thin sheets of PDMS. The microfluiditannel networks embedded in the
elastomer are filled with liquidohotocurable polymerSU-8. This compositgpossesssthe
unique ability to 006 me maefined shapg upamikumimaton.a i n
When the microchannel networks are defed and exposed to UV light, the photoresist
inside the channels is solidified and subsequently acts as the endoskeleton within the PDMS
layer, locking in the programmed shape. Even if the resulting sculptured sheets are deformed,
t he 0606 me mo rarezrecdvéréd afsehthepegternal force causing the deformation is
removed.The bending and stretching moduli of the materials with solidifietbgkeleton
increasarastically (omplete paper including equationgi®videdin the Appendix).

The procedurefor fabrication of shapeontrolled microchannel materials is
schematically illustrated in Fig. 1.13. The microfluidic channels inside PDMS were
fabricated using conventional soft lithography. Two PDMS sheets with arrays of channels
facing each other in gvpendicular directions were sealed irreversibly bypkisma
treatment. Liquid St8 was injected into the microchannel network. The elastomer sheets

with microchannel networks filled with liquid SB prepolymer are transparent, soft, and
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Irreversible sealing
of two PDMS layers

Injecting SU-8 into
i microchannel on the
SU-8 photoresist . —, ¥ hot-plate (~55'C)
in microchannel [;,

N

o

Deforming microfluidic material
v & exposing to UV light

Deformed shape is retained
after removing external force

y

Figure 1.13 Schematics of the abrication of photocurable microfluidic endoskeleton
structure by filling epoxypased SkB photopolymer into microfluidic channel networks.
During UV exposure, the S8 photoresist within the deformed channel network is
solidified, and tke preprogrammed deformation of the photocured channel network is
retained, even after the external force is removed.

easily bent, similarly to the original silicone rubber (Fig. 1.14a). The transparent PDMS host
can transmit incident light in the nedV region (350400 nm), where S8 photopolymer

is light-sensitive. The soft material filled with liquid S8 could be deformed into a variety

of shapes, such as wave, spiral, saddle, and pocket, and then solidified by exposure to UV
light for 15 min. The esulting PDMS slabs with solidified internal networks after the UV
exposure retained the defined deformation, while still having soft and rlikbesurfaces

(Fig. 1.14bhd). The PDMS sheets with photocured network could be stretched, bent, or

twisted manally with high recoverable strain.

24



e) Orthogonally oriented
microchannels l, /J 150 ~ 450 pm

400 pm

" /'250um

SU-8 photoresist
in microchannels

PDMS

Figure 1.14 Photographsand schematiof PDMS sheets with embedded photocurable
microfluidic endoskeleton. (a) soft and stretchable silicone sheet filled with liquid-8U
photopolymer before UV exposure. After defongpithe sheets and exposing to UV light for

15 min, the photocured microfluidic composites with solidified-&photoresist retain the
defined shapes, such as (b) wave, (c) spiral, and (d) saddle. The microchannels embedded in
PDMS layers were 450m thick in (a) and (d), 16%um thick in (b), and 27%m thick in (c).

(e) Orthogonally oriented microchannel structure embedded within PDMS matrix. The
channel width and interchannel distance were 400 andu@g0respectively. The channel
thickness was varied frodb0 to 450um. The microfluidic network had an overall length of

36 mm and a width of 2dhm. The channels in the schematic are not to scale.
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The elastic moduli of the photocured microfluidic composites were compared with
the moduli of PDM$&only and noncwed materials (Fig. 1.15a). The microchannel structures
filled with liquid SU-8 had elastic moduli similar to the pure PDMS slabs. However, the
solidification of SU8 prepolymer in the microchannel network increased dramatically the
elastic modulus of the ierofluidic composite material, showing linear relationship of the
modulus with volume fraction of S8 in the PDMS layers about 40 times higher than that

of the pure PDMS layer at about 20% volume ot&photoresist.
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Figure 1.15 (a) Elastic modulusof PDMSonly layer and photocurable microfluidic
networks before and after UV exposure as a function of volume fraction-8f [Bldtoresist

in PDMS matrix. The solid lines are least square fits. Theddsh line is based on the
estimated values, (b) Beindg modulus of PDM&nly layer and photocurable microfluidic
networks after UV exposure as a function of the volume fraction of photoresist in the matrix.

The mechanical tensile properties of the sheets with photocured endoskeleton
networks can be appriomated as a unidirectional composite material, because the solidified
photoresist bars in the microchannels are uniform in &esBon, parallel, and continuous
throughout the PDMS matrix. The modulus of elasticity of unidirectional composite
materials an be evaluated by rule of mixtures equations accounting for the elastic modulus
and volume fraction of each component in the composite. During the tensile loading, the

elastic modulus () of the photocured microfluidic material is influenced by both
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longitudinal and transverse elastic moduli, due to the orthogonal microchannel structure in
the PDMS matrix (Fig. 1.14e).

The elastic modulus of the photocured microfluidic material was calculated and
plotted as a function of the volume fraction of-8UThedata are presented in Fig. 1.15a.
This estimate of the elastic modulus is in reasonable agreement with the modulus measured
in the elastic regime, although the calculated value is slightly lower than the experimentally
measured one. This difference migbte from the additional contribution of the solidified
material at the junctions and the sides of the microchannel networks to the elastic modulus.
The rigidity of the SU8 skeleton might be increased further by guwsting or over
exposure, but this iskely to lead to some brittleness of the slabs. Overall, the results
demonstrate that the solidification of S photoresist within the channel network drastically
improves the stiffness of the elastomeric microfluidic materials, and the mechanical
propertes are approximated well by the common tensile stress equations for composite
materials.

Similarly to the tensile tests, the bending modulus of the photocured endoskeleton
structure increased up to one order of magnitude with the increase in the volctoa fo&

SU-8 photoresist in the PDMS layer (Fig. 1.15b). The material became harder to bend and
immediately recovered the memorized shape after unloading. The bending failure force of
the photocured microfluidic materials was not measured becauseangses did not break
under the loading conditions in this measurement. This remarkable flexibility of the material
might arise from the enclosing of the rigid polymer shell in the elastic sheath, but the effect
was not quantified. Clearly, the network aflidified SU-8 photoresist imparts high rigidity

to the elastomeric silicone matyiand renders possibline recovery of the programmed
shapes with highly recoverable strain. The mechanical strength of the photocured polymer
endoskeleton network could beastically improved with the introduction aftruss or other

3D microchannel structures in the PDMS matrix or by adding microfibers to the
photopolymer filling in the microchannels.

In summary, wehave demonstrate that the lighttriggered solidificatio of SU-8
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photoresist in the microfluidic endoskeleton of normally flexible PDMS layers leads to shape
preservation with high strain storage and recovery. The permanent locking in of the shape of
light-solidified microfluidic sheets could be used inrfalting instant containers, patches,

and supports on demand, creating o6o6exoskel
prototyping, and multiple other applications. Microfluidic devices containing both regular

and SU8-filled channels might be dynacally reconfigured by UV exposure. The
fabrication process of the materials with microfluidic endoskeleton that we report here could

be simple and scalable. The photocurable polymer precursor inside the microchannel network

can be replaced with other sleapemory materials, which can retain shape and develop

strain when actuated by external stimuli such as heat and electric or magnetic fields.

Examples of such functional materials are presented as a part of this thesis.

1.5Goalsand Layout of This Dissetation

The aim of mygraduate research projectdizeento design new multifunctionahicrofluidic
materialsinspired by the skin. We haviabricatel microfluidic prototypes with various
functions, and characterizé the added functional features and thperformance. For
instance, n the preliminary worldescribed abovere fabricated and analyzed flexible sheets
that canbe solidified on demand toigld specific shapes, which improved mechanical
properties of the composite network drastically.

In Chapter2, we introduceanother microfluidic compositdhat canswitch itscolor and
nearlR transmittance on demand when solutions with different dyes displace each other by
virtue of the laminar flow in the microchannelhesenovel microfluidic materialsanhave
multiple applications as shown by recéif Patentghathavebeen issued for other types of
materials performing similafunctions by alternative means. These applications include
change of the color ofehicles* or other objects, heat exchangeni microchannel®,
formation of solaradiation reflective coatingsand optoelectronic molding compounds to
block infraredlight (while transmitting visible light) for encapisiting electronic packag€’s

Thus, these materialsan find applications in sant windows and energy management.

28



Chapter 3, we describeour research on the role of the network geometry on liquid
replacement efficiencyWe have simulated and analgz¢he efficienciesof serpentine
networks, parallel chamfs and lattice configations for a channel size range of ~0.3
mm. The improved atwork geometry provides much more rapid and uniform liquid
displacement witilminimum displacing liquid wastén Chapter4, we present aicrofluidic

skin that can eject liquidrdplets by mehanical actuation, i.@ materialwhich canperform
the dsweati ng f This omaterial nad beoused forhdespersikgbeffumes,
pharmaceuticals, sterilizing surfaces and many other prodnc@hapter 5 we demonstrate
an alternative mateal/method for the fabrication of microfluidic materials. The use of thin
polyethylene sheets instead of the conventional PDMS could decrease the cost and time of
the fabrication and thus make it more feasible for mass produ@loapter 6summarize

my graduate research work and dis@sthe potential future directiorfer these projectsin

the Appendixwe provide the full paper for our photocurable composite work summarized

this chapter.
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CHAPTER 2

Microfluidic Elastomer Composites

with Switchable Vis-IR Transmittance*

*Based orA. B. Ucgar and O. D. Vele\Goft Matter 2012,8, 11232
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2.1 Introduction

Microfluidics is a rapidly evolving technology that intersects the figliflengineeringd;?

physics®* chemistry”’ micro- and biotechnolog§** The predse control ad manipulation

of fluids that are geometricallyconstrained to a small (typically suhillimeter or
micrometer) scaléas resulted in a broad variety of miniaturized lab on a chip defaces
analytical and clinical applicatiorté® Microfluidics, howeer, canalso bring even broader
changes to the field of making functional soféterials containing networks of microfluidic
channels. Theolor, pressure, temperature, flow and other properties of the liquid itiede
embedded microchannels can be cdidy dynamically changing the properties and
function of the host material. Only ecent | vy has t he potenti al
mat er i a liderdified dmck eelated studies have been presented. Recently reported
microfluidic-based materialsnay find applications as reusable, stroaghesives without

sticky layerd* and selfhealing composites capaté multiple repair cycle$>*° The liquids

in the microchannels can albe solidified to make rigighetallic networks (microsolidics§
tunable,revesibly deformable fluidic antennsand flexible sheets, which caiiffen on

demand to acquire specific shapeswe demonstrate heranother type of material
functionality that can be of broad significaffceor 6 6s mart 66 wi ndows anc
swch as change dahe color of vehicles?®>*! making of solar radiation reflective coatifgs

and optoelectronic packages blocking UV or infrared I{glttile transmitting visible light}

2.2 Fabricationand Operation

The procedure for fabrication and th@inciple of operation of thecolor-changing

microfluidic materials are illustrated in Fig-1.

2.2.1 Fabrication

The prototypes were fabricated usiBgnch Si wafers (Silicon Quest International) and
PDMS (Sylgard 184Dow Corning) based on convemtal soft lithography method. The
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Figure 2.1 Schematic flowchart of the fabrication and operation principle of the PDMS
microfluidic material network that can chang@or on demand. The glyceiiokater mixture
matches the refractive index of PDMS andk&s the channels optically transparent. The
liquid in the channels can be replaced with dye solutions to change the transmittance spectra

of the material.

photomasks (Fig 2.2) were designed using CorelDraw software. The wafers (masters) were
first spincoated (Model P6700, Specialty Coatingystems, Inc.) with S8 2050
photoresist(MicroChem, Inc.). After sofbakingthe wafer at 65°Gor ~20-30 minutesand
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Burak #1
24 by 36 mm
400 pm channelivoid

Figure 2.2 A photomask design of the network to be transferred o8 SThe circles at the
end of two corners on the left half will be used as the inlet and outlet openings.

at 95°C for ~5 minutes, respectively, it svaxposed to UV light (IntelliRay 400, Uvitron
International) to transfer thehannel design on the photomasko the photoresist
Unpolymerized SkB was dissolved by S8 developer (MicroChem, Inc.) anlde Si wafer
was hardbaked. Both the channel width and the distabe®veen two adjacent channels
ranged from 300 tdOO um. The hi ckness/ depth of the channel
This mater wa used to fabricate multiple prototypes: After mixing silieon
elastomer base and silicmelastomer ageénn a 10:1 ratio, the mixture wadegassed to
minimize bubble formation. The PDMS presar (Sylgard 184, Dow Corning) waast on
the channemasters and cured in the oven at ~70 °C for ~30 minutes. After cutting and
peeling off the PDMS layers, two holes were punched at each end of the channel network
(using a blunt 16 gauge needle) to allow for inlet and outlet of the liquid flow. Mextog
samplestwo PDMS sheets with embedded channels were irreversibly sealed to each other
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using airplasma (Model PDE2G, Harrick Plasma) forming a dae-layer channel network
(Fig. 2.3). Alternatively, a single PDMS sheet was-pgliasma sealed diregtionto a glass
slide forming a sigle-layer channel networlAlternatively, the PDMS substrates could be
sealed by an intermediate fluid layer without plasma treatfiéniThe channels in the
double channel network prototypes were oriented orthogonalathh other. The PDMS
channel networksize was ~24 mm x 36 mmMicro-cuvette® used in absorbance
measurements we fabricated by sealing a thin layex §ingle rectangulaopenng in the
middle) of PDMS on glass slide and covering it with a thin glase.slihe thickess of the

micro-cuvettes varied from ~0.5 mm td-5 mm.

a) ¢ 36 mm N b)l 1.8 mm "

\S
AR
ST
|
Y
m | 04
ST I eac!
NI 3

I
L ]

24
mm

e

-NCSIT = NORTH CAROIINA STy 0.3 mm each

Figure 2.3 Channel structure of theolor changing elastomeric sheets: éadample with a
typical doublechannel network, also illustratingalor change from red to blue, (b)ds
view schematic, (c) anmage of the flexiblenicrofluidic network filled with Allura Red dye
solution, (d) nagnified view of the same material illustrating the doubl@nnel network
design.The channels are sealed onto each other orthogonally.
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2.2.2Fluids and Operation

Liquids at room teaperature wee pumped through the punched holes into the channels either
directly using a syringe (1 ml, Nordect / Hanke Sass Wolf) or through tubing (Tygon
Microbore Tubing, SainGobain PPL Corp.)The glycerol water mixture was used to match
the refractive index of theDMS matrix, while a range of dyes dissolved in this medium
wereused to control theolor of the liquid. These dyes, which includBdomophenol Blue
(Acros), Allura Red (AC, SigmaAldrich), Brilliant Green (Acros) and NIR absorbing
compound (96311S, Fabricolor Holding Inc.) were dissolved inlithed mixture, which
replaced the original clear liquid@he refactive indexes of the liquids wedeermined using
TCR 1530 Refracbmeter (Index Instruemts Inc.).The solutionsalso contained-0.1 wt%

of a nonionic surfactant, Tween 20. Thairfactant lowered the surface tension and reduced
the pressure dropy allowing the liquid to better wet thehannel walls, so that it coulok
inserted easily intahe hydrophobic PDMS sheets. Optical characterization ofmiduwerial

was performed via a UV¥is spectrophotometddasco V¥550).

2.3 Results and Discussion

The first step in the mat echanadlsdrsthedpelymerl o p me
606i nvbi shiyol madt chi ng tohtee liguie finrthe channeleto that df éhe

PDMS walls. The opticaransparency of composite materials depends on the match of each
component 6s refractive i ndex. rodrhtempearatuferisact i v
within the range of 1.40..45 according to dafaom the literaturé® We investigated various
waterbased liquidmixtures as amatch to the refractive index of PDMS. Glycémhter
mixtures(Fig. 2.4)proved to be a suitable choice since they are bemgrpensivepf low
volatility and not excessively viscous. We systematictdisted the visual appearance of
mixtures of glycerol and watefwith individual refractive indexes-1.47 and~1.33,
respectively, at 25C and 589 nm), while simultaneoustyeasiring their refractive indexA

61 wt% glycerdlwater mixture inserted inside the PDMS microchanmekulted in an

optically clear material where the channe&lsre effectively invisible. The refractive index
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Figure 24 Refractive indexes of glycerabater mixtures. The refractive index increases
linearly with increasing glycetanass fraction in the mixture, whereas the change in the
viscosity of the mixture was ndmear. A 61% glycerolwater mixturewith a viscosity of
~0.01 Pa s matchede PDMSnewor kdés refractive index.

match resulted imlrastically lowered absorbance of the sheets as a result of the suppressed
scattering from the channel walls, without any change ispleetral profile (Fig2.5).

The refractive indexmatch allows changing theolor of the sheetswithout
compromising their optical transparency. We demonstredetiollable change in theolor
of the samples by replacing the cléquid inside the channels withicolored solution of the
same refractivéndex. The microfluidic raterials readily gained the desirenlors when the
61 wt% glyceralwater solutions pumped into tmeicrochannels contained various water
soluble dyes (Fig2.6). Theliquid inside the test sheet of are@ cnf was replaced neatly
within 13s. The pressurdeveloped during liquid replacement for douatel singlechannel
networks is estimatedtbe in the range of 480 kPa.The colored channels inside the
PDMS are clearly visible in the microscope images shown in Fig. 2.6. However, these sheets
appear unidrmly colored, clear andtransparent when examined visually from a distance of a

few tens ofcentimetersvhere thechannels are nearly imperceptible by the human eye (the
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Figure 25 Digital photographs and absorbance spectra of the microflmieiazok: (a)
absorbance spectra of empty and liglililéd PDMS microfluidic networks. The presence of
refractive index matched glycef@bater mixture in the channels results in better
transmittance of thaetwork, (b) a air-filled, doublechannel PDMS networgositioned on
top of a yellow paper background and (c) the same daiff@anelnetwork filled with
refractiveindex matched liquid mixture allowsbservation of the background texture.

resolution of a human eye with excellent acuity at 1m distance woatdeb on
distinguishinga pair of lines about 30850 pm wide).

The absorbance spectra of thecrofluidic materials and of the dysolutions in
cuvettes were characterized separately by\WiR/ spectrophotometryThe beam from the
light source passed thrgln thecenterof the microfluidic sheets. Absorbance spectra of the
materialsfilled with four colored solutionf onl 'y col ored solutaensd a
shown in Fig.2.8. The absorbangeeaks depend on the type and concentration of the dye in
theliquid. It is possible to obtain narrower peaks and to span the wéode of the visible
andN-IR region by using judiciouslgelected dyesr dye mixtures of differentolors. For
instance, with the four dyeshown in Fig.2.7&8, at appropriate caentratiors, the light

absorbancef our material can be adjusted in the range of approx. 400 a@O®nm.
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Figure 2.6 Digital photographs of the singtghannel PDMS networkaterial filled with: (a)

air, (b) 61 wt% glycerdlwater mixture to makéhe clannels visually transparent, and €§
Brilliant Green, Allura Redind Bromophenol Blue solutions in the refractive index matched
liquid. The image in the inset illustrates a snapshot taken duringptbechange from green

to red, (f) & the end, a clea6l wt% glyceralwater mixture is pumped back into the
channels. Note that replacement tgolkce without mixing due to the laminar flow in
channels and one solutioeplaced another thoroughly in 13 seconds.

The quantitative interpretation of this contrb ed change of the m
transmission can be based on the spectra of the original dye solutions and the parameters of
the microfluidic network. We treat these materials as composites consisting of a PDMS host
matrix and channels filled with thikquid mixture. The absorbanca of each of these
macrescale domains is given by the Lamb&eer lawA =>xc, wherel is the path length
of theabsorbing solutioin mm, ¢ is the concentration in g1, andUis the absorptivityn L
(g mm™Y), which is a function of the electronic structure of thelecule and wavelength of
the light?” Once the compomet s 6 i mlssorbanceswaee |determined, the ones of the
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compositematerial can be evaluated since the absorbencies of compasieials can be

approximated as being additif/e,

Avlixture = é. Abompounid 20—)

The dye solution concentration ranges in the microfluidic channels weii€2.®@.1
wt% for Allura Red, 0.0P0.30 wt% for Bromophenol Blue and Brilliant Green, and 0.03
0.10 wt% for the NR dye. Theabsorbance spectra of thelored liquids were measured
separately in regular 10 mm path length cuvettes. The thickness (light path length) of the
channels in the microfluidic sheets is much smaller than the cuvette thickness. The above
high concentrations channels could not be tested in cuvettes since they exceed the limits of
the spectrphotometer, hence these solutions were dilutedT 1@ times. The
concentration of the Allura Red andIR dye were varied from 0.001 wt% to 0.008 wt% for
these absodnce measurements in cuvettes, whereas the Bromophenol Blue and Brilliant
Green concentrations examined ranged from ~0.0005 to 0.0030 wt%.

The absorbance spectrum of dwored microfluidic material network was evaluated
numerically using the additivityute (egn 2.1)). Assuming that the absorbance is linearly
related to the path length and concentration, the spectrum of the material with the
microchannels could be predicted by scaling the sum of the individual absorbencies of the
diluted solutions in thecuvette (Fig 2.7) and the PDMS network by the following
relationship:

cC. |
—_ — _Chan "Chan ‘
'Abomposite_ APDMS -Ib A LiquidinCuvette whereb = C | k (2‘

Cuvt Cuvt

where the scaling factob, takes into account the dye concentration in the chanBgls,
the dye concentration in the cuvet@®,., the pah length in the channel&nan the path

length in the cuvettédq,, and the ratio of the area occupied by the channels to the whole area
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Figure 2.7 Absorbance spectra of Allura Red, Bromophenol Blue, Brilliant Graet NIR
dye solutions in 61 Wb glycerotwater mixture measured in cuvettdth a 10 mm path
length

of the materialp. The embedded channels cover only half of the area in the sheet samples,
hence ® = 0.5. Thus, once the absorbance sp:¢
known, the spectra for dye solutifited networks could be predicted on the basis af eq

(2.2) by scaling the bulk absorbencies by the thickness, concentration and channel surface
coverage ratio.

The experimental and simulated absorbance spectra of the PDMS channel networks
filled with colored liquids are compared in Fig. 2.8. Overall, thecalated spectra
approximated well the experimental ones for all different dye solutions; however, the
experimentabbsorbance spectral peaks were wider and lower, i.e., there is a deviation from
the linearabsorbance approximations for atilored solutons. The degree of this flattening
varieddepending on the dye used. The peak broadening could originate from two fieasons
high concentration of dye (Fig. 2.9) in the channels leading to molecular association/
aggregationand corresponding change in theestra and/or scatieg of the light by the

channelwalls.
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Figure 2.8 Experimentally measured and theoretically calculated absorisgectra of (a)
Bromophenol Blue, Allura Red, Brilliant Green affd N-IR solutions in a 61 wt% glycefiol
water mixtue introducedconsecutively in the doublehannel PDMS network. Within
several(~10) switching cycleswe observed no visible deterioration in the matemalsr.
The predicted spectra are calculated by using the modijed(22) on the basis of the
expeimental spectra of each component inrtiegerial.
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We constructed microuvettegone big wide channel with PDMS wallg) thickness
on the order of the channel thickness inrttaderial and found the spectra of the concentrated
dyes to haveimilar peakkoroadeningThis suggests that peak flatness mainly depends on the
concentration of the dye used in the channels, aa#t proadening can be reduced by using
nonraggregating dyes. Furthermore, some of the residual scattkehgould result from a
minimal refractive index mismatch atavelengths different from the one where the RI was
adjusted can belecreased by slight changes in the liquid composition. Thus, while dye
association and aggregation a éxtert,cthe lighh e ma |
transmittance of the sheets can be changed, adjastesimulated with reasonable reliability

and precision.
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Figure 2.9 Absorbance spectra for dilute Allura Red solutions of different concentrations
measured in cuvettes. Based on the most dilute caatient which was 0.00085 wt.%
Allura Red in 61 wt.% GlycereWater mixture, eachpgctrum was calculated by using linear
relation of A with C. Straight lines correspond to the original spectra and the dashed/dotted
ones are the ones obtained through sgalihe more oncentrated the solution becathe

higher wa the deviation between the experimental and theoretical spectra. We believe that
this deviation is the main rean for the difference in Fig. D8&s the concentratiamsed in

the channels is €ltimes higher than the most a@ntrated solution in the Fig. 2.9
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One of the advantages of the soft microfluidic sheets is that the
absorbance/transmittance spectra can be adjusted easily bywidelg available soluble
dyes, without the need to perforamy synthetic or supramolecular chemistry. The optical
transmittance oft hese &6O6mi crofl ui di c coloredtselutiona withd 6 ¢ h
different compositions replace each other by virtue of the lanfimarin the microchannel
networks. The range o&diation switchingcan be extended into spectral regions outside the
visible light, making potentially valuable materials with switchable IR, UV orray
transmittance.We demonstrated this potential by making sheets witlitchable IR
transmittance, whre the solute is a commerciatiR absorbingdye. As illustrated in Fig.
2.8b, the sheets indeed displayegroducible switching of the nedR transmittance in the
750 1100nm wavelength range.

2.4 Conclusion andPotential Applications

In summary,we denonstrated a newsoft, flexible, and controllablenaterial with an
embedded microchannel network that is opticalnsparent andolored on demandBy
pumping refractive inderatched liquid into the channel network, the channels can be made
to Adreapmaking the bul k materi al optically
different colors into the channels can be used to control the color and light absorption of the
matrix microfluidic materialTheyare capable adibsorbing light in the vibie regionand N
IR of the electromagnetic spectrum

Stimuli-responsive materidff§®' that can bemade transparent or changelor on
demand have beeaf signi ficant interest f&¥Thappl i c:
sheets reported here use thmilaar flow replacement of refractiiadexmatched fluid in
the microfluidic network to achieve suahange by extremely simple and inexpensive
physicalmeans. Therate f 6 6 s wi t cdiorontiquisgarercy of udh sheets is slower
than the alterrtive electrochromi® and other electrically actuat®dnaterials. However, the
microfluidic material has the advantageba&fing inexpensive, flexible and able to maintain

its color without continuous application aéxternal voltageOne of the mosintriguing and
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potentially useful functions that can be realized in sonetterials is the control of the IR
transmittance (Fig2.8b). Microfluidic materials with switchable IR transmittance could be

used i n wiadbwsnia ratidiive energy managememtd conservation thatllow

control of the passing nearfrared heat portion of the sunligspectra.These materials

could provide efficient heat exchangace they are fabricated in larger sidée liquid

flowing through the microchannels would seagthe heat transferring fluid contacting a hot

orcol d surface. Since the material 6s etmbedde
provides a largeurface aredao volume ratio The heat transfer ratg, for conduction and

convectiori’ are giverby:

Conduction: g=k Ad—T (2.3)
dx
Convection: g=hA DO (2.4

whereq is the heat transfer rati&,and h are the conductive and convective heat transfer
coefficients, respectivelydT and ¢pTare the temperature differences between a contact
surface and the bulk fluid used to exchange heatAasdhe heat transfer area of the contact
surface. Since the surface area to volume ratio of the material with microchannels is high, a
low differerce in temperature can achieve efficient heat transfer between another material
surface and the bulk fluid flowing through the microchannels.

An aesthetic and energpfficient residential or office blding can be envisioned
(Fig. 2.10Q, if the microfluidic material can scale up to larger sized sheets suitable for light
and energy management in building interiors. Sheets of this material placed on the walls
could change color on demand (without having to repaint them) by pumping colored liquids
through the atwork. This material on walls or below floor panels could act as heat
exchangers using cold (% °C) underground water in hot weather or using solar heated
water from the roof in colder weather. Currently, this low difference in temperature cannot

achieve effective heat exchange as conventional radiators use large diameter piping with low
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surface area to volume ratios. Additionally, the material could block or allow solar radiation
through windows depending on the weatthemks to its color chang&hus, these materials
which can be maderansparent on demand, could offer an alternative to current smart
window technologes (based on electrochromit®, liquid crystalé®*: and suspended
particle$*“® operating by electric fields They could be lao used for exterior color and

protection, smart and custguackaging’®

a) Q Hot Water

— Network on the Window Absorbs
the Energy Coming from the Sun

Microfluidic Network as
Heat Exchanger on the Wall

Cold Water Source

Figure 210 (a) Vision of energefficient residential home or office building using
microfluidic materials for control of radiation and convection heat flows, and (b) schematic
of the heat exchange in the wall network. The material can be placed on back wall to
exchange heat using underground well water or solar heated water. Colored liquid can be
pumped through the channels of the material to change the wall color on demandl Mate
placed on window can become transparent or opaque in the IR and visible light regions on
demand or absorb/transmit neairared solar radiation.
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CHAPTER 3

Analyzing the Role of Network Geometry
on the Fluid Displacenent Efficiency

in Microfluidic Color Changing W indows*

*Based on A. B. Ugar, H. J. Koo and O. D. Velavpreparation for Microfluid. Nanofluid

56



3.1 Introduction

Microfluidics is widely used inab on a chipdevices due to its ease of design and
implementation, low fabrication cost, and small fluid volume needs. Thanks to the laminar
nature of the flow, these devices provide suitable conditions for particle detectiogjdaib
synthesis and analysis, where controlled delivery of reagents/particles is fid&dithal their
embedded micrahannel networks, microfluidic compositesre also of great interest for
making functional soft materials. Sélealing surfaces, tunable fluidic antenndsreusable,
adhesive layefs and photocurable microfluidic shetw@re just a few examples of such
applications.

One of the primary characteristics determining the functionality of the microfluidic
materials is the type of the ftliin the channels and its mobility in the matrix. Thus, the flow
characteristics associated with a given network geometry carry significant importance as
well. These matrixes mostly consist of simpl® Zhannel networks, although more complex
structures @& also possibl&!! Different designs have been compared in many theoretical,
numerical and experimental analyses to investigate the role of the network geometry on the
flow resistance, uniformity and flow access of the netwWdfk> These studies havfocused
on various fluidic systems with heat excha
constructal la#f, (AFor a flow system to persist in
way that it provides easier and easier access to the currerftsithatw t hr ough it . 0)
have shown that trdée structures provide an advantage in terms of delivering liquid
uniformly from one point to another one (i.e. having good hydraulic conductance). Several
studies have been done to analyze and optibraeching structure’$*°

For certainmicrofluidic materials it is also common to include networks consisting of
parallel channels or lattice configurations rather thanlikeestructures. The functional goal
for these mat er i al o difierang cracks wro thev stirfac®,hoe halvingn g 6
simultaneous reactions or simply displacing liquid in the channels in a controlled
fashion'*?°?> Hence, beside the hydraulic conductance, it is also highly desirable to deliver

the liquid rapidly, uniformly ad evenly to the whole surface aféa’ In this aspect,
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branching is not necessarily the best option for a uniform liquid distribution throughout the
system. Insteadlassic parallelltannel networks appear as a suitablernative, although in
their simplest form, nofuniformity of the flow in such networks leads to mal
distribution®3#>27

We simulate and comparkere liquid displacement performances various 2-D
network geometries using COMSOL Multiphysics simulation program. We evaluate them in
terms of delivery speed, material use efficieranyd flow wiformity. We aim to replace the
serpentineehannelnetworkembedded in theolor changing elastomevge reported earlié?
with the improved network desigrOne of the key propertiesf the colo changing
elastomeravas that the material visually appeas one intact unit, as if it did not possess
any channel. Thus visual uniformity in liquid replacement was a key criterion in siar te
This improved network will beisefulalsofor othermicrofluidic materials, for instance for
selfhealing materials where delivering the fluid to each point on the surface is equally

important.

3.2 Design

The microfluidic networks we used in our previous work consisted of siagée or double
layer serpentinehannels embedded in polydimethlysiloxane (PDMS) (8ifj). In both of
thesecase, pressuralriven liquids displaced each other without difficulfjhe channel
structure allowed displacement withoutmuch liquid waste, which § one of thetarget
parametes included in our present simulation®ur initial design for COMSOL was the
singlelayer serpentine network (Fi§.1b), andthe simulationparametergTable 3.} were
selected accordingf. Another type of network geometry examined was the parallehehan
network withsymmetricaldistributors and collectors (D/Cs), which are referred in this study
as Hnetworks (Fig.3.1f). They are also widely used in flow circuits. However,its
simplest forms, constructexd all equal sized channels (i.e. singl&le), its major drawback
is the nonuniform flow. For this reasometworks with varyingsize D/Cs (multiplescale

networks) were designed and comparedddition to theequally sized set attice networks
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Figure 3.1 Serpentine channel network-$§Bag) structure of color changing elastomers (a
d)*® and sample network images simulatedCOMSOL (ef): (a) Schematioof the original
doublelayer network (which is not tested in this simulatip(f)) image of color change in a
singlelayer network due to rpssuredriven (~20-80 kPa)displacement (base design in
COMSOL), (c) image of doubldayer network illustrating color change af) 9de view of
doublelayer network. When the refractive index matched liquid fills the network, the
channels become optitaltransparent. Thethe liquid in the channels cdie replaced with
colored solutions to change the transmittagpectra of the whole material, (e)saapshot
during liquid replacement simulation innaS-network (f) a snapshot during liquid
replacemensimulation in a Hnetwork. Blue color represents the glycen@ter mixture in

the color changing elastomer workhereas red color illustrates maximum concentration of
the displacing liquidThe number next taetvork type shows the number of channelshia

mai n net wor k. 6D6 and

6Co

stand

fcorrespahdss t r i bt

to the ratio oD/Cchannekizeto thatof the channels in the main network.
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Table 3.1 Simulation parameters, fluid properties and constraints

Simulation package COMSOL 4.2a, Laminar Flow &

3 3
and model Transport of Diluted Species el e 1 e
Model dimension e e 1000 kg/m®
approximation)

. Physcis-controlled . . .
Meshing (extremely fine) Viscosity 0.01 Pa*s
BC's Constant P and constant C Material area 24 x 36 mm?
Constraints Lzl flqw SL2E (L) Total Channel area/volume 648 mm? (75%)

P difference
Time length >20 seconds Inlet & Outlet dimensions 1x1mm
AR T TS 1 kPa & 30 kPa Depth/Thickness 0.3 mm
(inlet-outlet)
Diffusion Coefficient 110710 m?s Enanusleul ~0.35 - 0.95 mm

(main network)

werethe last geometry tested; which wessentiallyH-networks withadded uniformly sized
cross channeld-urthermore, without changing the visual symmetry of the network much,
distributors and collectsrwere tapered in both networks.

The main constraints iall simulations were the constant total network and channel
area whereas channel sizes varied. However, the properties of the matrix (PDMS) were not
incorporated in the analysis. Solely the flow in channels was examined. The inlet/outlet
channel areas amtessure drofexcept the case where &d Hnetworks different inlet P
were compared) the system were kept constant so that all networks would require the same
pumping power. Although our models in these simulations were designed and tested as 2
we incorporated the effect of the depth of the channels by usingstiadlow channel
approximatiod in COMSOL, which adds a drag term as a volume force to the -flois
equation, so that the effect of boundaries is taken into account. In other wordsaghisrm
includes the resistance applied by the parallel boundaries on the flow.

We limited the scope of our analysis to three main targets: Most rapid overall liquid
displacement, least liquid wasend most uniform displacement. These criteria woalydes
to a much more costffective and visually smoothquid displacement for the potential
applications of color changing elastomer composites. Although we had a channel size
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constraint in our designs, initially we tested differeataBd Hshape netwds with the
channel sizes varying from 0.35 mm to 0.95 mm to evaluate the effect of channel size on the
displacement efficiency. After this test we remained in the target channel sizgiraogker
for the network to appear as a single intact unitchignnels should be no larger than a few
hundreds of micrometers. Theoretically, standing at 1 m distance, a perfect human eye can
distinguish a pair of lines as big as ~38®0 pm widefrom each othef® Thus for color
changing elastomers, channel sizf@ger than ~350 um would not be desirable. Also for
practical purposes we aimed to conserve the overall rectangular shape of the network.

The maximum concentration that the displacing liquid could reach in a network was 1
mol m3, which we defined as 100 di spl acement efficiency. Fo
surface concentr at i on’atawyfgiven time, we iegpued idas ®&6s 0 . 2
displacement efficiency for that given time. The data for the average concentration of the
liquid was diredly obtained from COMSOL, whereas liquid waste rate was calculated using

the following formula:

o
.amol
Average surface concentratiga—

|-O0O

Liquid use efficiency= 2 mol 9~m ' (3.
Total flux magnitude at inIe&g— g Timés)
cm3s =+
Liquid waste rate (%6 100° (1 - Liquideuefficiency) (3

The liquid use efficiency in each network starts with the maximum, which is 1.0, and when

the first droplé of the displacing liquid flows out of the network, the efficiency drops below

1.0. Although flow uniformity andefi i ent | i qui d use are differe
qualitywoul d signify the | atter 6s06 athe disgaced , sin
liquid would reach the outlet before the displacing liquid is wasted. The goal in this study

was to achieve a network design which enables displacing at least 90% of the present liquid

in the network uniformly in ~10 seconds with a waste Hte<10%. Also for practical

purposes we aimed to preserve the overall rectangular shape of the network.
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3.3 Simulation Results and Analysis

Simulation results were obtained by couplitg physicsLaminar Flow and Transport of

Diluted Species in COMSOIEirst, velocity and pressure profiles of the flow were obtained

at steady state for constant inlet/outlet pressure. Then time dependent liquid displacement
was simulated via 6redd dye injection with

are snaphots for different networks illustting their dye concentration distributiaha given
time.
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Figure 3.2 Liquid replacement and distributions $ vs. Hshape network with varying

channel sizes. fieir liquid displacement rates at 1@ shown ére 19-channelnetworks

are illustrated in &. (a) S-network (939 um wide channglwith 1 kPa inlet pressuré)) H-

network (930 um wide channglsvith 1 kPa inlet pressuréc) S-network (939 um wide

channels) with 30 kPa inlet pressu(d) Redliquidb s average concentrat.i
network are plotted for all-Sand Hnetworks (Maximum concentration they could reach is

1.0 mol mP). At the same inlet pressure-tétworks are superior to-18tworks in terms of

liquid displacement rate, whereas ytheould not provide a uniform displacement in this
singlescale form. Decreasing individual channel sizes slowed down displacement efficiency
significantly due to lower flow rates.
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Initially we simulated liquid displacement in &nd Hnetworks.We compaed four
different channel sizes, which also means four different channel numbers (represented in the
network name) due to fixed area constraint. The distinction among the two networks was
obvious (Fig. 3.2)As the liquid in serpemnte network flows alon@ single pathS-networks
were very advantageous in terms of not wasting too much liquid during displacement.
However, the flow speed in&ape was extremely low compared to that ishdpe with the
same inlet pressure. More than half of the liquid imetivork was displaced before the
liquid in the very first serpentine channel could be displaced (Fig. 3.2a vs. 3.2b). A similar
percentage of liquid displacement obtained tnétwork in Fig. 3.2b could be achieved in S
network only when we increased infaessure from 1 kPa to 30 kPa for the design with 19
channels, i.e. 89 (Fig 3.2c). 30 kPa was in the order of the pressure range used in the real
system (Fig. 3.1b). For higher channel numbers, i.e. narrower channels, the difference
between H and Snetworks became more apparent. Even the 30x higher pressure did not
make Snet wor ksd | iquid replacement r-a¢tewadlosé
(Fig. 3.2d). For instance, in 20 seconds thBlHetwork (~351 um) allowed replacement of
on average-32% of the present liquid, whereas for thB1Snetwork (~352 pm) this rate was
only ~7%.

To comparethesand Hn et wor ks é performances further
channel area constraint for one cabBleis time we kept the total inlet pressu(86 kPa) and
channel sizes (936 um-+6 um) constant, whereas we varied the total channel area of H
networks, i.e. we had to increase the total number of the channels.8figABen we
evaluated their performances to reach a concentration of 90%, wevetbthat the 89
network and the Hhetwork with ~6 time larger surface area exhibited similar liquid
displacement rates.

The major drawback of Hnetworks was the flow mualistribution similarly to the
cases reported earlier for other systéfrféIn terms of high flow rates (Fig. 3.2d) and better
uniformity, the performance of4detworks with larger channels was definitely superior. The

nonuniformity of the flow also caused an increased liquid waste 4networks with
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H-networks with different network areas
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Figure 3.3 Fluid replacementata forH-networks with constant channel size but varying
total surface areahle only case where we relaxed our constant total area consisist19
network. Inlet pressures are 30 kPa. Channel width®26epm +/ 6 um. Ratios of the
network lengh to widthwere kept constarnh all expansionssince same surface area with
different aspect ratios exhibited different coverage performances. Total area expansion
factors are shown in the legewdhereasnumbersin parentheses refer to thedth & heigh
expansiorratio.

Time=5.7 Surface: Concentration (molim’)
a ., b)

o
8 12 16 20 24 28 32 36 &
0

Av0225

Figure 3.4 Liquid displacement irH-networks wih different channel sizes. The images
correspond to the instants when displacing liquid in each network reached to an average
concentration of 8.3 mol m® in Fig. 2d (i.e. ~30% displaenent efficiency) andlustrate
individud net wo r k-égngormityt (@)@9-cimannelH-network (930 um) at 5.7, £b)

H-25 (710 pm) at 7.4 s(c) H37 (482 um) at 11.6,s(d) H51 (351 um) at 18.7 s. As we
decrease the channel size, flow uniformitgr@@asesand more time is required to glace

the same amount of liquid. However, to keep the channels optically indistinguishable from
each otherye aimed to modify the $31 network geometry so that even theptlisement in
narrow channels could be dow&hout compromise of speed and uniformity.
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narrower channels (Fig. 3.4). The average concentration of the displacing liquid passed
~30% in the H19 network (Fig. 3.4a) after 5.7 s and the liquid waste rate was still 0.0%,
whereas the corresponding valdes H-51 network (Fig. 3.4d) were ~18.7 s and ~3.3%,
respectivelyHowever, air target channedize was~350 um (H51 network)due to visual

unity perception of human ey®ur challenge was tmcrease the uniformity for networks

with narrowchannelsso that this performance gap is much smaller and we can have a rapid
and visually satisfactory displacement in them.

Although the tested Hetworks had less uniform flows, their liquid displacement was
much more rapid than that inrf@tworks and they requireduch lower inlet pressure (Fig.
3.2b vs.c) for the same displacement amount. That was also important because low pressures
contribute to more uniform flows and in practical sense they would require less pumping
power. That is why we decided to continuehmi#-networks and to modify their geometry.
Another parameter contributing flow uniformity is low Remnolds numberin most of our
designs, Rat the inletranged from ~0.1 to ~10, for both &1d Hnetworks, which was in
favor of a uniform flow?> Exceptons werethe S-19 network with P= 1kPa (Re <<0.1), and
H-networks with P= 30 kPa (Re- 30-100).

One of the means to improve flow uniformity inddape networks would be using
channels with diffeent sizes, i.e. multiplecale designsFor instance, vgmg all the
individual channel sizes in the whole network would enable equating all the flow resistances
throughout the network. However, to comply with our channel size restriction and preserve
the visual symmetry/rectangular shape of the original n&twee introduced only one more
scale to the system, distributors and collectors (D/Cs) with different sizes: D/Cs with either

25270y alternativelytapered"* geometries would increase the flow access of

simply wide
the network, which leads to ledew resistance fllerences between channels. Achievihg
right width/tapering ratioin the network could provide a are uniform flow. Thus we
included them ap ar t of our next Si mul amaneesnrwere Tape

compared with thosef netwoks with wide D/G (Fig. 3.9.
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concentratiorof colored liquid in the netwojk dwvided
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The use of wider distributors and collectors (D/Cs) ndi omproved the flow
uniformity (Fig 3.4d vs. Fig. 3.5a & c¢) but also increased displacement velocity. On the other
hand, tapering D/Cs resulted in even further improvement in both aspects (Fig. 3.5b over a,
and Fig. 3.5d over c). Different tapering ratiesed in our designs were primarily chosen
according to a power law presented in a previous Wdok laminar, fully developed flows.

It was derived from pressure loss equations in D/Cs: For a uniform flow distribution in the
networks with constant aspegttio, the D/Cs should taper &5?° wherek stands for the
number of the channels. For-31 network, the first tapering ratio we used, 2.67:1, was
obtained via this power law (Fig. 3.5b). Unlike that previous Wotkowever, we did not
taper the wholerosssectional area (depth remained constant); thus we had to modify the
crosssectional area used in the equations and obtained a new power law for our Ey3tem,
With this new equation, the theoretical optimum tapering ratio f&lHbecame 7:1. Thi

ratio gave a more satisfactory result (Fig. 3.5d). In only 10 seconds, the average
concentration in the network was over 50%. Nonetheless, it was still not the most optimal
result. A we increased the tapering ratio further, for instance to (Higlt 35€), we
observed we could obtain a nearly uniform and rapid liquid displacement (6.4 s for 50%
average concentration for the whole network).

A disadvantage of high tapering ratios was that they noticeably changed the original
rectangular shape of the netlkoTo preserve a shape closer to the original rectangular one,
we modified top and bottom widths of the tapered D{Blg 3.63 without changing the
average D/C width. We widened the bottom part of Ds, and shortened its inlet length, e.g.
instead of 7:1atio, we used 5.5:2.5, in a sense D/Cs became both wider and tapered. This
modification provided an improved displacement performance than that of constant width
D/C designs, but could not surpass the original D/C performance (7:1): Keeping the average
D/C thickness the same, a tapering ratio with a larger difference between top and bottom
widths provides better flow uniformity, displacement rate and less liquid waste than any
other ratio combinationse. 7:1 > 5.5:2.5 > 4:4 (Fig. 35/s.3.6avs. 3.5¢).
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Figure 3.6 Snapshots of two 31 networks with 50% average concentrations: (a) tapered
and wider D/C: 5.5:2.5, equivalent to a constant width D/C with 4:1 ratio Rig.ir35c and
d, (b) tapered and wider D/C: 8:2, equivalent to a constant widtiwidih5:1 ratio.

In a microreactor optimization work for uniform residence timstritiutior™, the
optimal tapering is expssed in terms of angle, which around 10for our H51 network.
This would correspond ta taperig ratio of 13:1 or 14:1 in owystem, which waslready
above our visual constraint limit.

Introducing a second sizzale (tapering or widening the D/Cs) improved liquid
displacement rate, flow uniformity, and liquid use drastically. Average concentrations of the
displacing liquid inH-51 networks are listed in Fig. 3.5f. When the average thickness of the
D/C was the same, higher tapering ratios clearly outperformed lower ratios in terms of the
three parameters. However, when we compared D/Cs with different average thicknesses, we
found that the primary effects of widening or tapering D/Cs is different. For example,
comparing 7:1 (avg. thickness 0406) VS. 8 :
conclusions: In terms of flow uniformity, the former, high tapering ratio, was sud&im
3.5d vs. 3.6b). However, the latter, with wider D/Cs, resulted in more rapid liquid
displacement (Fig. 3.5f). They replaced 50% of the liquid in the network in 6.9s and 7.7s,
respectively. Interestingly both networks had the same amount of licastewate, 2.1%.

This comparison suggests that only widening the D/Cs primarily improves the liquid
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displacement rate and if the flow uniformity is the prior concern then D/Cs with high
tapering ratios should be selected.

When we compared the liquid uséiciencies of the Fb1 networks with tapered vs.
wide D/Cs, we observed that the networks with higher tapering ratio displace ligaid in
much shorter time by wasting less colored liq(fth. 37), beng thar average D/C width
the same (For instancthe networks with tapered (7:1) vs. wide (4:4) D/8sth networks
have the same average thickness factor Jof Wdhen we compared/Cs without the
restriction of having the same average thicknesses, although tapered D/Cs with high ratio
appeared to provide higher liquid use efficiency (4.0:1.0 > 4.0:4.0 or 4.0:1.0 > 5.5:2.5);
however, this was not conclusive as we obtained opposing data as well (8.0:2.0 ~ 7.0:1.0).
The network with 11:1 D/C tapering ratio could displace 90% of the liquid in less than 15
seconds whereas the colored liquid loss was ~21%, which was still above our goal rate of
~10%.

H-51 networks with 90% liquid displacement

0.90
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e B 4 Wide-Tap. 5.0 ( 8.0:2.0)
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Figure 3.7 Comparison of raterial(liquid) use efficiencies of # networks with tapered and

wide D/Cs. Networks with only wide (netapered)D/Cs waste morei¢uid. High tapering

ratios seem to be in favor of efficient liquid, although a combination of both wide and
tapered D/ Csd performance is also notable
variable.
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Next, we evaluated the performancelaiticetype networkg(Fig. 3.8a), which are
also utilized among other geometries for a uniform fl6W* We constructed a lattice
network consisting of 34 horizontal and 49 intersecting vertical channe&d (R49), so that
the channel sizeould besimilar to tie one usea the previous Kbl networks. Thelannel
widths varied from 343 pum to 353 um depending on the D/Cs 3ike.other constraints, i.e.

constaninlet pressure and area, arwhstantotal channel area were still applied.

a) Time=12.8 Surface: Concentration (mol/mz) b) 1055 Displacement rate in lattice network
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Figure 3.8 Simulatins of liquid replacement in lattice network: Horizontal and crossing
channels have the same size whereas D/Cs were wider and/or t§pe&umhpshot of the
network with D/C tapering ratio of 4:1 when 90% of the original liquid in the channels were
displaced with the colored ond)) liquid displacement rates of the lattice networks with
different D/Cs (c) liquid use efficiencies of the corresponding lattice networks for 90%
displacement. As tapering ratio of D/Cs increased, not only displacement tigsdutaste

of colored liquid decreased. Compared tenétworks, lattice networks with less tapering
provided a more rapid and uniform flow with less liquid waste.

Lattice configuration increased the liquid displacement rateligoi use efficiency

of the network drastically. Evethe singlescalebasic lattie network i.e. D/Cs size being

equal to that of internal channels, provided a rapid and relatively uniform displacement. It
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replaced 90% of the liquid in the network in less than 17 second witis& rate less than
20% (Fig.3.8c). The difference between the parallel network5H and the lattice network
was the presence of vertical channels crossing the parallel ones, which improved the flow
access of the network. When we incorporated wideoanthpered D/Cs in the lattice
network, its performance increased even furtffgég. 3.8 and c). For instance a lattice
network with 4:1 D/Cs ratio displaced 90% of the liquid in the network with colored one
(Fig. 3.8) in less than 13 secon@sig 3.&). More importantly, only 10% ofhe colored
liquid was wasted durinthis displacementFig. 3.&). The lattice network diminished the
dependence on a high tapering ratio for a unif@nd rapid liquid displacementhis
network with a 4:1 D/C ratio piarmed the displacement not only faster thamldt wor k 6 s
111 ratio (~13s vs. ~15s) but alseith much less liquidwaste rate (~10% vs. 21%).
Furthermore t hanks to | ow tapering ratio in the
compromise oudeviation fromrectangular shapmuch less.

Among themodel networks presentexb far, lattice networks with tapered D/Cs
provided the most rapid and visually uniform liquid displacement with minimal material
loss. However, the addition of a third scale in the ndtwori mpr oved the ne
performance even further. We incorporated the third different channel size by tapering the
very top and bottom channels in the main network. In other words, all perimeter channels
were tapered (Fig3.9). The relative D/C taperingatios of top/bottom vs. left/right were
determined in accordance with the overall a
6doubl e taperingé, 90% of the | iquid could &
waste rate of ~3.4% (Fi®.9b), whereas displacing 99% of the whole system took just ~13
seconds with a liquid wéss rate of ~13.0%. The trend observed inldtBce networks with
single taperingdid not change: As we increased the tapering ratio and/or the perimeter
channel thickess, the flow access of the network increased as well. Although the lattice
configurationwith single taperingreserved rectangular shapere than the one with double
tapering, with the latteve achieed our liquid displacement rateise efficiency and
uniformity (Fig. 3.10)goals.
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Figure 3.9 Performance of the tace network with double tapering: Not only D/Cs were
tapered but alsthe very top and bottomhannels in the main netwarknages and material
waste data correspond to 90% ligdidplacement.First pair of numbers in the legend shows
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second

(T/B) channels: (apnapshot of the network witlapering ratios of 3:1 for D/C and 5:1 for
T/B, (b) sxapshot 6the network withtapering ratios o#:2 for D/C and7:2 for T/B, (c)
liquid displacement ratesf the latti@ networks with double tapering, (d) liquigse
efficiencies of the corresponding networks. Withulle tapering, most networks pliace
90% of tte liquid with lesshian ~5% waste of colored liquid in less than 11 seconds.
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S-25 (~71S5 pm), 14.2s H-51 (~351 pm), 18.6s

Figure 3.10 Comparison of various networks simulated in this study. Images refer to the

times required for 30% liquid displacement, which was chosen to illustrate flow uniformit
performances of the networks. ExcepR%y all the inlet pressures are 1 kPa and channel

sizes range from 343 um to 351um: (aS with an inlet pressure of 30 kPa5$ network

could not displace 30% in the simulation times, thus we included kh28guUSt to represent

the flow uniformity of Snetworks, (b) singkscale H51 network had a neaniform flow
(inverseparabolic) in the network, (c)#H1 network with wider D/Cs, 4:4, flow line became

flatter, (d) H51 network with tapered D/Cs, 11:1, prodde a &éverticall yéd uni
lattice network with single tapering ratio 4:1, (f) lattice network with double tapering ratios

4.2 & 7:2, provides a oO6diagonallyd uniform f
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3.4 Conclusion

We have simulated various networkogeetries and identiéid thoseallowing the
most rapid and uniform liquid displacement with maximum liquid use efficiency. If the only
goal was just the minimum loss, serpentine networks would be the best performing type.
However, when one takes into consideration the presmeded and the time required for
the liquid displacement as well as the need for visually uniform flow, theallgdachannel
networks are shown to beetter candidates. Incorporating a second scale into network, such
as wider and/or tapered distributoflleotors makes the Hetworks even better candidates
over Snetworks, although the best results were obtained with the lattice networks. The
lattice networks with single and double taperipgvided the most rapid and visually
uniform liquid displacement ih minimal material loss, aneere good alternatives for our
serpentine network in our color changing elastomers widrkseoptimizednetworks could
serve to i mplement the microfluidic elaston
geometry testeddre could be improved further by introducing additional dimensions in the
network or for instance rounding the sharp corners of the channels. By further changing
constraints and parameters, such as the inlet pressure, inlet area or the aspect ratio of the
network, one has additionaptionsto improve flow access of a ndmanched network.

This study was done mainly to find aome efficient alternative to theerpentine
network used in aucolor changing elastomer materials, yet it would also complethent
analytical and theoretical studies in the literature for a rapid and uniform [foterms of
our targeted O0s marnior@ rapd displacementip thd modidfanétwork n | a
would enable fasteliquid replacement, i.e. color change. Low ptees would require a
much lower pump power, ease laminar flow and give more control flexibility over the system
parameters. Narrow channels ensure that the channel walls could remain optically transparent
to thehuman eye. Uniform flow through the wholetwerk would enable a visually pleasant
displacement and also contribute to minimize the liquid waste. Oviraie improvements

would assist in the design of more cost effective smart window systems
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CHAPTER 4

On-Contact Liquid Dispensing Microfluidic Material
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4.1 Introduction

The skin is one nmultfurictoremimmae s o f & d v d which serads e r |
the body wih several taskslt has a protectivesoft layerwith a subsurfacemicrofluidic
network feeding every point on. iThe pores on the surface all@weatingof the bodyto
remove toxins and tonaintain itstemperature New microfluidic systemsnimicking the

s ki nods have beencdeveloped with properties sastautonomic crack healihgelf
repaif, or a selthealing mechanism thanks to theinbeddednicrovascular networRsOur

goal hereis to develop anew microfluidic materialwi t h  fiop the seface whichcan

open up andispense a prdefined amount of liquidipon contacflike the sweating function

of the skin).

Dispensing is a basic function needed almost in any area of microfluidics, from DNA
analysis to drug delivery. Thus it is one okthlwidely used unit operations idigital
microfluidics and lakonachip device$:® There are several mechanisms used in
manipulating and dispensing a miatmplet, yet electrowettingn-dielectric microfuidics
(EWOD) is the major one used digital microfluidics’” It constitutesa platform technology
which allows handling and transforming droplats highly parallel and independent
configurations Thanks to applied voltageEWOD is able to modify the contact angle and
control the surface wettabilitgrecisely, and these advantages make it suitable not only for
dropletdispensing but also transposplitting and merging’

An alternative approachto this mechanismis droplet dispensing via external
pressurg which is relatively simpler thanV#OD but mostly faces contr@roblems such as
metering and transferring the droplet doeevaporation during handling and dispensing.
These systems generally consist oethsectionsl) liquid reservoir/wells2) liquid ejection
(nozzle) chambers arR) connecting capillary channels. Dispensing well technology (DWP)
can be presented as an effective example to pressure driven dispensers. I$ ligquisieto

the nozzle chambers simply by capillary forces and dispenses them by applying a pneumatic

pressire of 3080 kPa for 310 ms without any backflow to the reservoir. Each reservoir can

hold several uLof liquid and the dosage volunmg mainly determined by the geometaic
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volume of the nozzle chamber, which is unakecby the liquid properties su@ssurface
tension andexternal parameters like pressure head. On the other ,hpadormance
dependence on the geometry requires very precise smiaohining of the chambers for a
reliable, controlled volume (CV) dispensinig).

There are many more aetion methods for the dispengi systems, which can be
categorizednto two groups, contact and mgontact. No-contact systems mostly utilize
mechanical actuation for ejection of the droplets. Some of the driving techniques-in no
contact systems includéhermal, pneumatic, acoustic, and piemuation, A few
application examples for these techniques are transdermal drug d&ftiemyith an
integrated micreneatet or withoutone where the body temperatures drives the evaporation
of a lowboiling-point liquid in PDMS®; acoustic delivery of enzymes to activate reactions
in an assembly of microarrays without any ejectiof?ifilling of microfluidic chips with
aqueous reagents bubbles with precise volume control by piezoelectric actugfoasd
micro-pipettes which are driven by aition membrane to deliver syth liquid samples
with high reproducibility*.

These systems carsimultaneouly dispense a large numberof different
reagentssamplesin paralle| in volumes genelly varying from pL toulLs. In addition to
having high delivery rates, achieviniglivery rats of repeatable and reproducible droplets,
i.e. CV, is also a challenge for dispensing devfce®ne of the modificationthat could be
done to control dispensing rates is tuning wegtability/hydrophobicity of the channel. For
instance, by changing the surface roughness of thenelsvia nanopatrticle deposition, they
could be made more hydrophoBicWhendispensing droplstin a liquid mediumlowering
the interfacial tension ianother method used; however, the downside of this method is the
worsened rate of the dispensed volume reproduciBility.

Minimizing the effect of the device geometry, having a better control on the droplet
size, and dispensing with high prgion are geerally achievedby relatively complex
microfluidic device$®. Low cost ones made of PDMSve also been constructesiich as
the transdermal drug delivery device operating without a b&tterya highthroughput
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dispensing system for largeale scregng experiment without crosontaminatiof?; as

well as there have been less simple PDMS devices such as a plasmid DNA handling system

integrating a homogeneous microfluidic distribution system with a matrix of micronfedles
Here we report a concefFig. 41) and preliminaryesults of a much simpler, low

cost Iquid dispensing device mad®elely of PDMS without any need foralves or electric

actuators. This material can bepotentially used for dispensing operfume sampk

pharmaceuticalsnedial care such as sterilizing surfaces and many other products.

PDMS layer
Inlet port

Liquid reservoir

Microchannel

Figure 4.1 Schematic of the concept of rrew liquid dispensing device:hen a forceis
applied on the top surface of the PDMS layer, liquid in the channels will be delivered to the
surfacethrough the openings/slits and will lzger replenished frorthe internal reservoir.

4.2 Material Fabrication, Design Parameters and Operation

The liquid dispensing material is made of PDMScbyventional soft lithography similar to
the previously repded color-changingor photocurable mrofluidic sheetslt is assembled
of two separate PDMS sbts with embeddedhannel netwrks. We designed numerous
photomask for each geometry tested, acmbated various newnasters The schemnti in
Fig. 41 illustratesone of the edy designs tested in this wark’hroughout ou study we
modified the delivery mechanisend made changes accordinglygr instance, on®f the
major changes includezmbeddingarrays oichambersn one of the PDMS layers (Fig-23
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Figure 4.2 (a) A digitalphotograph of an empty prototypdnere the bambers are placed on
top of the channel networnd (b)a schematiof it filled with a red liquid. 8ts connect the
chambers to the surface.

We designed and tested various combimatiof network geometries, several of
which are shown in Fig. 4.3: We compared circular (Fig. 4.3a and h) vs. square shape
chambers. The connectimfpannelnetwork was present either in one layer (such as in Fig.
4.3d and f) or existed in both layers (swahin Fig. 4.3b and e). We compared serpentine
(Fig. 4.3d), paral |l el channel (Fig. 4.3c) ar
we incorporated constrictions in the end part of the channels just before the outlet (Fig. 4.3e,
f and g). The dnensions in our systems were also varied: The majority of the channels had a
width between 500 em and 1000 e&em, whereas ¢t}
to 1600 em, and the depth of both tmhe Thambe
totd thickness of the material (two layers combined) varied in the range eR-aLrém.

The PDMS sheets with the chambers were placed eitlitee &sp or bottom layer in
the device, i.e. the chambeserved as either localeservoirs or ejection volumes
respectively, depending on the design. Openifigs p 0 oretlsecsurface for ligd release
werefabricatedfirst by punching holes the top PDMS sheet vidifferent size needles (16,
18, 22 and 27 gauged)ifferent arrays osamesize needles wergluedon a Petri dish by
epoxy resin tgounch multiple evenhgized holesn the cured material simultaneoushs an
alternative, they were also inserted intthe liquid formof PDMS (before polymerizing) by
placing the needle matrix on the master (tips down).

The other type of openings on the surface we tessedn alternativéo holes was
slits. Before irreversible sealing (after PDM@&s polymerized)theseslits were cutn the
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Figure 4.3 Photomask examples of the network geometries tested in thed stdage of the
network design selection. In addition to size variations, the design parameterdegevalua
included chambers shape (square vs. circular), placement (top vs. bottom layer), channel
placement (on single vs. both layers) and connections (parslieeb).
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