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Abstract

Towards minimizing the cost of Micro Total Analysis Systems(uTAS) or Lab on
a chip (LoC) systems, it is important to minimize manufacturing and assembly cost and
time, and lower material costs. While the choice of material does govern material costs
and tke manufacturing process required and thereby, the time, it has been observed that
the assembly(bonding) and interfacing time is one of the major rate limiting stepsfor the
entire process. This work is an attempt to introduce a new bonding technique for
microfluidics by using synthetic gecko inspired adhesives. This technique is being
referred to as Geckofluidics. It doesnot
activation or application of high pressure and/or temperature and is achievadble in
process which doesndét require any addit:i
a strong and reliable, reversible bonding technique, with bond strengths being on par with
traditional irreversible bond strengths in elastomers.

This work charaierizes the manufacturing feasibility of geckofluidic devices with
various thermoplastic elastomers. A finite element simulation was also implemented
inorder to study the effect of some of the remedial measures taken to improve the
adhesion strength, andsa to study the minimum number of adhesive features required
to effectively support the integration with microfluidics.A rapid mass manufacturing
technique is also demonstrated using thermocompressive molding in thermoplastic
elastomers. The resulting dess have been demonstrated for use for both pressurized

and norpressurized microfluidic systems against various substrates.
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CHAPTER 1: INTRODUCTION

Micro Total Analysis Systems (UTAS) armainiature diagnostic tools often used for
chemical and biological analysiShe key application areas include, life sciences
research, drug discovery and environment Baoht of Care (PoC) health diagnostics.
Also referred to as Lab onG@hip(LoC), thesesystems camitherbe standalone systems
with complete functionality to offer detailed quantitative results, or instant point of care
gualitative resultsldeally, the complete systems may hand held but in certain
circumstances, owing to technologidahitations for detection systems, these systems,
may be bulkyyet portablelImmaterial of the size, these systems utilize small sample and
reagent volumes and provide rapid analysis of the input saApleoC device is a
complex integration of miniatwed fluidics, sensors and electroniés.typical LoC
deviceconsists ofa microfluidics chip,sample processing unit, samfli@ew control unit,

a detectionmechanismand a dataanalysisand outputunit. All laboratory tasks like
sample preparation, reagenixing, flow control, sensing, and analysis are carried out on
the chip often without manual interventioffhe underlying concepweaving together

these individual systems msicrofluidics.



Fig. 1. A typical Lab on a chip dev& The microfluidiachip is shown in purple. which

is a cartridge that can be interfaced to the reader unit via electrical interconnects. The
microfluidics chip cartridge should ideally cost< %] [Reprinted by pamission of

John Wiley & Sons, Inc.]

1.1What is Microfluidics?

AMIi crofluidics is the science and engineeri.
from conventional flow theory primarily due
Microfluidics has also been referred to as a tool box for research and development in the
fields of chemistry, physics, biology and material scien@s It is a science of
maripulating very small amounts of fluids in miniaturized channels1@0s of microns)
thereby offering Acontrol of c o[4.cSmecethe ati ons
typical sample format in uUTAS simns are liquids like plasma or other processed
biological samples, this thesis limits the context of microfluididdea/tonianliquids.

Microfluidic flow often exhibits low Reynolds number, typicalRe< 10 (most

applications working at Re<1 and Re¥ 0 ]5].
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Y ééé. EY.

Where,} is density of the fluidu is the velocity of flowd is dynamic viscosityg is

kinetic viscosity andy is called the Hydraulic diameter, which is given by
o — ééé. EZ.

Where, A= Area of cross sectioandP is the wetted perimeter.
The type of flow is often classified based on the value of Reynolds number. The flow is
considered,

7 laminar for Re<2300

1 transientfor 2300<Re<4000

1 And turbulentRe>4000
Hence, microfluidic flow is laminar and mixing is achéel purely by diffusion. At this
scale properties like capillary forces and surface energies are the dominating forces.

The basic continuity equation for fluids stands as,

— 27 0 T 6é6é. EJ.

Wheret is time andt.  —Fh—, —)

Since the fluids typically being used are incompressible, the variation in density is

insignificant, the density can be assumed to be constant , imphyir@, Thus,
D T 6é6é. Eq.
is the continuity equation for microfluidics flow regime.
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The Navier stokes equation relates the velocity vector and pressure as,

— 00 0o Nt 6 "Q ¢ééEQs

Inertia= pressure gradient+ viscosity effect+ body forces

The inertial term includes unsteady acceleration effeets,and 00 0 is the

advection term, which describes the bulk flow behavior of the fluid.

For typical microfluidics regim, certain simplifications can be introduced. The body
forces are primarily the self weight (gravity) effects of the fluid, which can be neglected.
Since the flow regime is a low Reynolds number flow, at a distance beyond the entrance

or the exit, the vaations in bulk flow are negligible. Thus,

" — nt o é é Eq6

While further simplifications may be introduced depending on specific conditions of

flow, Eq.6 can be considered as the basic Navier Stajesion for microfluidics.

The engineering aspect with microfluidics revolves around leveraging these
inherent properties into developing optimized solutions and integration with other

engineering domains.



1.2 Why Lab on Chip?

LoC systems open up a whkolnew paradigm of personalized and point of care
diagnostics. With improving technologies pushing the boundaries of microfabrication
each day, LoC systems could soon be regular feature for most biological fluids based
diagnostic44]. The key features pushing this acceptance are,

1. Miniature size
LoC device cartridges can, on the smallest size, be a few square millimeters to the largest
being about of the size of a credit card. The entire LOC unit are often handheld or atleast
portable.

2. Low reagent and sample requirements
The sample volumes are efft a few micro liters compared to milliliters required for the
parent assay. Droplet microfluidics use volumes of the order of nanoliters to perform
various high throughput computations.

3. Low bio-wastes
Since the input volumes are small, the output waskess and requires minimal efforts
for disposal.

4. Quick results
Most tests often take a fraction of time of the parent assay due to faster reaction kinetics.

5. Low power consumption
With miniaturized and more efficient electronics being developed, the power
consumption on a LOC device is very small.

6. High throughput

With faster processing times, parallel processing of multiple samples can be carried out



on the same analyzer Droplet microfluid&ls microfluidic arraysimatrices[7] etc. are
some of the examples of high throughput systems.

7. Multiplexing
Customized LOC systems with either serial or parallel processing can help perform
multiple analyte detection tests on single sanl®].

8. Improved sensitivity and results
Depending on the type of sensing in the microchannel, 2D or 3D, reliable and repeatable
results can be obtained due to larger surface area to volumgdag¢ido larger flow
across the analysis surface). With minimal manual intervention and digital readout, the
scope for errors is minimized. Also , various manipulation and detection techniques like
fluorescence microscopy, raman spectroscopy, surface plasssonance etc, can be
easily integrated with microfluidic systems and demonstrate high sensitivities for small
analyte detectiofilO, 11}

9. Low cost
The advancements in microfabrication technologias potentially allow fabrication
costs to be minimized for the LOC devices. Novel materials like paper for microfluidics
help drive the material cost to negligible and are becoming a popular choice for LoC
deviceq12].

10.Integration and Global health
With improved technologies, Lab on chip systems can communicate and update patient
history, at the same time the recent impetus for integration with cellular phone cameras
can help healthcare professionals and policy makersifiglany epidemic outbreak4 3]

with logging of localized patient count.



With all the stated advantages, LOC diagnostic devices have the potential to be
used for personalized diagnostics, point of care testiggnme r gency r ooms ofr
office or hospital and most importantly in low resource setting and for global health, but
the translation of academic research to commercialization has been challengingt Chin
al. [14] have discussed, in detail, both the technical and business challenges associated
with commercialization of point of care diagnostic devices. A few companies with very
small panel of tests have begun commercializing LoC products with low to medrate
commecial success. A report by Research and Markets identifies the current in vitro
microfluidics market to be worth 949.6 million in 2013 and predit¥ it to reach 3.3
Billion USD by 2019.

While Cepheid and Caliper Life Sciences (now, Perkin Elmer) were the first
companies for LoC systems, some of the major player in the industry are, Abbott (Abbott
point of care division acquired ISTAT in 2003), Alere (Earlier, Inverness Medical
acquired Biositeri 2007 and Epocal in 2009), Johnson & Johnson (acquired Amic in
2008), and Hewlett Packard (Agilerd HP companymicrofluidics instrumentation).
ISTAT was amongst the first commercially successful company.

On the technical front, there are significahtillenges associated at every detail in
a lab on chip device. Many reviews on detection metlibél< 8], reagent storag 9],
samplepreparation, separations, mixing and pumgR@25] have addressed the existing
techniques and challges of each aspect. In this work, | have tried to address the
challenges associated with bonding and interfacing using a low cost material and a rapid

manufacturing process that together can provide a cost and time effective solution.



1.3 Motivation

Microfluidic chips are often fabricated in elastomeric materials as they provide a
wide range of material properties and access to well characterized and established
manufacturing techniques. Amongst the elastomers, PDMS has been the most commonly
used materiaJ but its potential as an industrial polymer for microfluidics is quite weak
[26-28]. But elastomers are the only class of polymers that can support[28lvé8]and
hence recent developments have revolved around identifying other elastomers that can
provide the preferred properties of PDMS, and at the same timernesnientfor
manufacturingThese materials are typically classified as thermoplastic elastomers.

A microchannel patterned in a polymer needs to be interfaced with a MEMS,
microelectronicschemical sensors coated or blank chiporder to make a functional
device. This bonding step aften complex and a low yield process. Typical irreversible
bonding techniques like plasma bonding, thewompressive bonding, solvent bonding ,
though provide a good seal, often require external apparatus and chemicals which may
sometimes be incompal&in the presence of pfmtterned biological reagefi?d, 32]
Reversible bonding techniques rely on simple contacting of two clean interfaces and the
self sealingoroperty of either of the polymers in contact, which has to preferentially by
an elastomer. Thibonding techniques often too weak for a reliable operation of the
microfluidic chip. Use of suction aspirationmagnets33] and adhesive tapef34] has
been proposed to improve this bonding technique.

From a cost analysisf a typical LoC device, the bulk of the cost may often be of
the sensor, MEMS and Microelectronics comguais. While mostof these components,
except the polymeric chip, can be reusedegenerated35, 36] the use of irreversible

bonding techniques would prevent the reuse.
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Hence to address all the challenges a strong yet reliable reversible bonding
technique is desiredl'his work proposes #&chniquethat relieson the integration of
Gecko inspired adhesives with microfluidics. A brief insight into Gecko Adhesion will

help us understand the sotuts at hand.

1.4 Gecko Adhesion:

Geckos can sticlo arbitrary surfaces purely by van der Waals intermolecular
forces. Counter narratives attributing the adhesion to capillary forces have been disproved
by experimentation[37]. This strong adhesion strength can be attributed to the
hierarchicals t r uct ur es present on the Geckods fee
microscopic hair like structures called Set&ch of which irturn splits into submicron
spatulashaped feature# single setae on a tokay gecko can generate upto 200uN force ,
with a cumulative maximum adhesion force per gecko foot being 100N (~1[B8imn)
Synthetic versions emulating gecko adhesion haee bEebricated using microfabrication

technologies.



Setal array

Fig. 2. a) Hierarchical imaging of Gecko fg@&eproduced with permission frojg9],
Copyright © 2006, Springeverlag, b) SEMs of nanscaled geckapatulae terminal
element§Reproduced with permission frof#0], The Royal Society]

1.5 Research objective:

The underlyinghemeacross this thesis is to develop low cost and mass manufacturable
microfluidic chips.uTAS or LOC systems hold huge promise and social value with their
objective of providing quicker, personalized and improved diagnostics. The primary
factor that would influence the acceptance of these systems over existing technslogies
cost. Inorder to achieviheseobjectives, minimizing the cost @itical, which can only

be achieved,when mass producewith cheaper material alternatives and minimal
instrumentation One objective of this thesis is to explore thermoplastic elassofoe
microfluidics from a manufacturing standpoint. Another objective is to provide a

microfluidic chip bonding and world to chip interfacing solution. Despite being
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independent problems in their own way, this thesis addresses these problems with an
integrated solution. After solving these issues, the soluisomalidated by multiple
conceptual application studies.

A detailed material study follows a fabrication feasibility and replication fidelity
study for thermoplastic elastomers in Chapter 3. Clhapt®cusses on identifying the
design parameters for the adhesive components of the geckofluidics concept. An FEA
study has been included to study the design changes included for manufacturing
feasibility. Chapter 5 includes the fabrication protocols @angroved development
techniques. It also introduces the therooonpressive molding technique and outlines a
potential serial mass manufacturing technique using roller theompressive molding
process. Chapter 6 describes some of the proof of conceptatigpls classified under a
superficial classification as pressure driven and non pressure driven applications. It also
includes the burst pressure test used to characterize the peak adhesion against a few
commonly used substrates.

The bonding and world tehip integration is addressed by integrating Gecko
inspired adhesives with microfluidics, which provides for an instant strong and reversible
bonding solution. Both the fabrication and adhesive integration is integrated into a single
fabrication step, wich is the highlight of this thesis.

This thesis tries to answer one of Dr.George Whitesides dasbésidressed in
this discussion,

A AAs far as | know, every other pol ymer
an adhesive in a system with-gfh channels on its surface can be very challenging and

maynotled it sel f wel I[26)00 manuf acturingo.
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CHAPTER 2. LITERATURE REVIEW

2.1 Material Selectionfor microfluidics

While the origins of microfluidicstrace back to the advent of microanalytical
systems GasChromatographyHigh Performance.iquid Chromatography (HPLCand
Capillary ElectrophoresigCE), the combinationof microfluidics withthe concept of a
Lab on aChip, as evident in modern contegan be traced to the pioneeriagicle by
Manz in 1990 [41]The early microfluidic chips, were manufactured using
photolithography and associated technologies, borrowed from traditional silicon
microelectronics and MEMSabrication techniqueg4]. Hence, early devices were
mostly manufacturedin silicon or glass. Subsequently polymer based microfluidic
devices have been developed to address the short coofirsggcon andglass based
microfluidic devices such as their opaque nature (in the case of silidogl cost of
manufacturingand challenges in bondindg?olymers in contrast can be manufactured in
many different ways other than with traditional lithography and potentially at costs low
enough to permit disposable systetoe produced profitablyrhere are many factors
which need to be consideréud the process of material selectifor microfluidics An
overviewof these factorshased on general classification of materials for microflujdscs
discussed inTable 1 [42]. Apart from the inherentphysical and chemical properties,
properties such as ease of fabricatggalabilityand cost also play a critical roldybrid
devices, like silicon-polymer, glasspolymer and dissimilar polymer hybridare fast
gaining recognition towardstegratingbetterseparationsensing and detectidanctions
with an addedease of fabricationWhere most initial microfluidic devices were
manufactured from a set of materiglsod from a microfabrication point of view (due to

appropriation oexistinginfrastructure and processes), there is a greater trend now to use
12



the most appropriate materidts the desired application and develop the manufacturing

techniques and integrah tools to produce the appropriate microstructures.

2.1.1SILICON

Being the fundamental material at the origin of the very field of microfluidics,
Silicon remains an important material for LOC applications. While the early LOC
systems employed silicoroif microfluidics [4, 43], modern LOC systemgsually limit
the use ofsilicon for MEMS-based sensing technologies. The quality of fabrication of
microfluidic channels in silicorcan yield the highest surface quality, due the crystal
plane specificwet etching properties of crystalline silicomhe resolution, surface
stability and solvent compatibility are the benchmark standadagortunately, silicon is
opaque to visible light, making imcompatible withfluorescence detectionethods, and
its electrically conductive natungrevents its usevith separation techniques like CE,
which require high voltages across channeWhile modifications can be made (for
example, a transparent lid bonded to silicon, or thermal oxide grown to provide an
insulating layer), they increase the complexity of the full fabrication prodess.to the
impeccable manufacturing qualitsiliconis usel to aidin therapid prototypingpf molds
for polymer based microfluidics usimgethods likenjectionmolding and hot embossing,
by providing high quality mold inser{g4-46]. Unfortunately, its relative fragility and

brittle nature limits its applicability for long term use in these molds.
2.1.2GLASS

Glass has been used in conjugation vgilicon and other polymer as a sealing
substrate and also independently used for LOGcdsvWith the added advantage of the

best optical properties, glass can also by mimezhined using the silicon fabrication

13



techniques[47], and hence was preferred over silicon in optical detection based
microfluidic devices. Though at a nascent stage, modern fabrication techniques using
femtosecond laser have enabled3D micromachining in glass[48]. Capillary
Electrophoresis (CE) has been a major application of glass bagedsjdecause of its
stable electrosmotic mobility on the surfadd9].

Despite the wide acceptance of polymeric devigésssand silicon still have a
few advantageslike superior electrical customizatiofeasibility, well defined and
consistent manufacturingropertieswhich render them superiover other polymers and

continue to be used ftwOC application{50].
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Tablel. Overview of materials formicrofluidic devicefabrication
(Reproduceavith permission fronj42]. Copyright 2013 American Chemical Society

Property

Youngos
modulus (GPa)

(te

Common technique
for microfabrication ®

Smallest channel
dimension

Channel profile

Multilayer channels

Thermostability

Resistance to oxidizer

Solvent compatibility

Hydrophobicity

Surface charge

Permeability to
oxygen (Barrer”)

Optical transparency

| Silicon/glass®

1301 180/50 90

Photolithography

<100 nm

Limited 3D
Hard

Very high

Excellent

Very high

Hydrophilic
Very stable

<0.01

No/high

\ Elastomers \

D0.0005
Casting

<1l en
3D
Easy

Medium

Moderate

Low

Hydrophobic
Not stable

D500

High

Thermoset

2.002.7

Casting,
photopolymeriz
ation

<100 nm
Arbitrary 3D
Easy
High
Good

High

Hydrophobic
Stable

0.031

High

| Thermoplastics |  Hydrogel |
1.4i4.1 Low
Casting,
Thermomolding photopolymeriz
ation
D100 nm D10 em
3D 3D
Easy Medium
Medium to high Low
Moderate to
Low
good
Medium to high Low
Hydrophobic Hydrophilic
Stable N/a
0.055 >1

Medium to high Low to medium

Paper

printing

D200
2D
Easy
Medium

Low

Medium

Amphiphilic
N/a

>1

Low

0.0003 0.0025

€

Photolithography,

r

a) Photosensitive glass can be considered as thermoset.

b) Most of the materials can be fabricated by laser ablation, but compared with those obtained with lithographic or moldingethods the ablated features usually

have a rougher surface and are oftemisshaped.
c) Excellent for Teflon. 'd) 1 Barrer =10'*° [cm® O,(STD)] cm




2.1.3POLYMERS FOR MICROFLU IDICS

Polymers are macromolecular materials with multiple simitar dissimilar
monomeric units which can be crosslinked by a chemical or mechanical stimulus like a
chemical initiator, light, pressure or temperature. Polymers with only one type of
monomeric units are called homopolymessile thosewith multiple monomac units are
referred to as copolymers.

Polymers have been used for microfluidics most prominently due tiowre cost
for the materialsand ease of manufacturabilifgepending on the specific polymefhe
materialand fabricatiorcostsof microfluidic chip inpolymersd o e s n 6t necessarily
complications in designPolymersalso offer ahugerange of properties and processing
parameters to choose from. Tregnhave excellent replication fidelifgown to 10s of nm)

[51] and offer scope for rapid prototypinging larger features and technolodiks 3D
printing(smallest ~100nm)52]. While the optical properties, high surface quality and
chemically stablgroperties maksilicon and glass highly desirable, very few microfluidic
applications require that high a quality. Polymers also provide the flexibility of combining
multiple propelies of materials either via surface coatinglends,or composite materials

to achieve desirable properties, which may otherwise not be available in the individual
polymers themselves.

To identify the mostappropriate polymers for specificmicrofluidic application, it

is important to understand the properties of polymers.



2.1.3.1Properties of Polymers

From a manufacturing perspectitiee important properties are as follojs8],

T

= =/ =4 =4

T

Glass transitionemperature
Melting temperature

Coefficient of Thermal Expansion
Melt flow index

Hardness

Elasticity

while from an applications perspective, the properties to be considered are,

T

= =/ =4 A4 A4 - A

T

The temperature athich, during the cooling phase, rubbery statsverts to a solid
[54]/ glassy statés called the glass transition temperature. It is also the inflection point on
the specific volume54] or specific heat capacityp5] vs temperature curve for amorphous
and semirystalline polymers. Athis temperature a polymer loses ihechanical strength
but can still retain its preexisting shapée properties of the polymer radically change due

to internal movement of the polymer chaiig. and slightly above this temperature, the

Electrical insulation (Dielectric Strength and Electrical Resistance)
Microchannel surface charge

Thermal conductivity

Moisture absorption

Chemical resistance

Optical properties

Permeability

Analyte absorption (Surface energy)

Biocompatibility (material and/or additives)
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polymers can be worked form a new shape via embssg. Beyond the glass transition
temperaturgexists a temperature at which the polymer deformseaedtuallymelts This
temperature is referred to as the melting temperature. Prodiéssegection molding are
carried out at this temperaturBhe poymer retains its chemical integrity until the melting
temperatureAt the degradation temperature, the polymer loses both its mechanical and
chemical integrity and can no longer be worked.

The coefficient of thermal expansion is an important parametereterndine the
shrinking of the polymer after cooling down to the room temperature after manufacturing.
Appropriate tolerances are decidedaccommodatéhis coefficient.lt is also an important
parameter to be considered for thermal bondirige melt flowindex helps to understand
the quality of filling and thereby determine approximate work pressures and hold times for
high temperature manufacturing modes. Hardness is a critical parameter in room
temperature fabrication ohicrofluidics via stamping procsss.

Electrcosmotic flow is the most common flow driving mechanism in Lab arhip
systems. Inorder to be conducive for this flow mechanism,necessary that the surface
exhibit dielectric properties to create a surface charge rather than beitgcalgc
conductive. The surface charge varies with the material, and mode of fabrication of the
channel in that materigb3]. The surface energy, which governs the hydrophobicity or
hydrophillicity of the materia dictates the flow regimim the microfluidic devices. It is also
important to note that hydrophobic surfaces tend to adsorb proteins and other §b@]ytes
from the solution in the channeDepending on the porosity and permeability of the
materials,the solutions in the channel may be absorbed by the channels, or providing gas
permeation/ breathability to the deviff7, 58] While other visible colorimetric methods

are also used,ne of the most prevalent forms of detection systems for Lab on a chip
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systems is often fluorescence detecti®his requiresthat the microfluidic devices have

good optical properties, especially lowta florescence.

2.1.3.2 Classification of Polymers

Polymers can be classified based on their source of origin, structure, type of
polymerisation, and degree of cross linking. A superficial classification can also be made
based on Physical propertiespecially thermal properties, as these properties dictate the
manufacturing. Bsed orphysical propertiepolymers are classified as,

1. Thermoset and

2. Thermoplastic materials

3. Elastomer

Thermoset polymers have covalently bondedpolymer chainswhich produce a
crosslinked matrix. These covalent bonds prevent melting of the thermosets, and generally
increases solvent and temperature tolerance over thermoplastic maldmés. polymers
can soften and reflow, initially, bub the due process of crosslinking, form an infusible
solid[59]. Eg: ThermosePolyestersPolyurethane Methacrylate (PUMANorland Optical
Adhesive 81(NOA)Polyimides etc

Thermoplastics are polymers high have polymer chains held together by
intermolecular forcesThese polymers softeat glass transition temperature ametlt at
melting temperatureand can be repeatedly shaped into products without significant
degradationThey can be processed forda scale manufacturing on tools like injection
molding and hot embossindgg: PMMA, COC,PC

Elastomeric materials have weakly crtisked polymer chains, which can regain the

original state after removal of an external strd$gese are also referred to as rubbers, and
11



demonstrate extreme elastic extensibility, some even as high as 1000% of original lengths,
even under low mechanicatresseg59]. They have amdddus adYachigm g 0 s
yield strain Elastomeric polymers include both thermosets and thermoplastics, which can
beeither naturally occurring @ynthetic polymers.

There is a class othermoplastic polymers calledh&moplasticelastomers(TPE),
which is often overloog&d for microfluidic applicationsThermoplastic kstomersexhibit
the emperaturalependent properties of thermoplastics, at the same time have the rubbery
mechanical properties of elastomeffiermoplastic elastomers have multiple temperature
based transon points. Aper f ect definition of gl ass trans
debatabld60] , due to glass transition temperatures of the individual polymers in the TPE
[61], which dictate the net behavidihermoplastic kastomers are of three types,

1. Block copolymers

2. Rubberplastic blends

3. Dynamically vulcanizedubber/plastic alloys, callethé¢rmoplastic vulcaisat¢62]
StyrenicBlock Capolymers are discussed in detaikimapter 3f this thesis.

Thermoset Elastomershave been the most popular choice of materials for
prototyping and researchn the field of microfluidics They are flexible and offer the
temperature stability of thermosefhey are thermally stable over the range of operations
of most LOC applications. Natural rubbd&3], Silicones and polyuretharjéd] are the
family of polymers which havé&aditionally been used for elastomeric microfluidiGgher
polymers like, perfluoropolyether (PFPHP5-67], also referred as liquid Teflon,
FluorinatedNorbornene [66, 67] perfuorined Silicone (PFPE SIFEL)[68, 69]
Fluorocarbon Rubber (FKM), commonly known as vji]] and a few other fluorinated

polymers have also been demonstrated for use for microfluidics.
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2.1.3.3 PDMS Microfluidics

Amongst the Silicones too, PDMS specifically Sylgard 184,is the most
predominant choicdéor microfluidics It is a synthetic polymerwhich was invented by
M.K.Chaudhury at Dow Chemical26] andfirst adapted for rierofluidics bythe George
Whitesidesggroup. It offers verygoodoptical and gas permeation proper@eslhasa well
informed biocompatibility[71], andcan be rapid prototyped with a sub 0.1fidelity [72].

It also exhibits a low surface energy which helps in the easy demolding fromatter
molds The rapid prototyping argument is valid when compared to the then existing
microfluidics fabrication technologies gilicon andglass The relatively low cost and the
simplicity of fabrication, especially without the requirement of high cost apparatus makes it
quite attractiveThe ease of multi layer device fabrication also helps reduce the foot print of
the typical devicePDMS also allows for multimaterial composites inorder to add electrical
[73] or magnetid74] functionality to the polymers

Protein adsorption, oligomer leaching and water vaponeability have been some
of the drawbacks of PDMS, and have been addressed by sonfaitécations and coatings
[75-77]. Problems concerning pressure induced deftona have been have repeatedly
come to the forebut considering that most common driving modes appear to be non
pressurised systems, it could be deprioritiz&M developed a high modulus variant of
PDMS, referred to as -RDMS (hardPDMS) [78], which could help limit these
deformation.Also, Inglis proposed to sandwica thin layer ofPDMS between two rigid
materials like glasg79] inorder to drastically reduce treesdeformation Being an
elastomer, it also supports the integration of microvalj#®s,30, 8082] and offers simple
plug and play world to chip interconnection feasibility. The valves in PDMS also tend to be

highly durable and show no signs of wear or fatigue even after more than 4 million
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actuationg29]. While PDMS has been largeluccessful in academia, partially owing to
the lack of competing materials, its drawbacks as a large scale manufacturing material are

well establishe(26, 28]

Table 2: @mparisorof properties of PDMS, TPE and hard thermoplastics (TP) materials
properties for microfluidic technologjAdapted from[83], with permission of The Royal
Society of Chemistry]

Property PDMS TPE TP
Optical . + +
transparency
Young modulus 0.5 1i 100 MPa 1110 GPa
MPa
IS OB very slow fast fast
cycle
Gas permeability high moderate low
Cost ($/Lbs) 101 50 0.1i5 0.1i5
Reversible , .
bonding + + impossible
Irreversible
bonding * i 8
Resolution sonm 0MM-100 46
nm
Ease (_)f de t +t 5
molding

2.3.3.4 Thermoplastic Elastomers for microfluidics

Thermoplastic Elastomersave only recently found application for microfluidics
with the earliest publication in 200[B4], while they were demonstrated for use for
microcontact printing a little earlier in 20(085]. The recent and more elaborate push for
the use of TPEs has been by the Posner Group at University of Washingtbheareres
group from Industrial Materials Institute, National Research Council, Canada.

TPEsprovide an alternative to PDMS and also fiéatié true rapid mtotypingvia

melt processinglike the thermoplastcs They al so address the
14
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modulus, low tear strengths and protein adsorptioRDMS. Being bulk polymers, unlike

the porous matrix of PDMS, the reagent evaporation is highly regulated in TPEs (and
thermoplastics). Apart from their lucrative hybrid properties, they are cheaper than most
elastomers and thermoplastics. They also mi requre the expensive tooling of
thermoplastics or the long curing hours of PDMS.

Sudarsaret al have demonstrated the biocompatibility studies V8BS [84],
while Borysiaket al performed cell culturesuface stability,absoption and optical studies
with SEBS[86]. Geissleret al demonstrated patterning of DNA arrays on Versaflex CL30
[87], which is aotherstyrenicblock copolymer, and performed analysis by fluorescence
intensity read outsSudarsaret al demonstratedlean flowinduced hydrodynamic mixing
in SEBS microchannelg[88]. Borysiak et al performed detailed zeta potential
measurement89] with and without plasma treatmerds SEBSanddemonstrated it toeb
compatible for electrokiriee applications like isotachophoresis and loop mediated
isothernal amplification (LAMP) for nucleic acidletection[90]. While there are a few
other polymes availablewith similar propertiesSEBS remains the most well characterized

and most preferred thermoplastic elastofoemicrofluidics

2.2 Fabrication of Microfluidic chips

Depending on the material of choice and application, different manufacturing
strategies are adopted for microfabrication. The choice of fabrication also variethevith
scale of fabrication. Sincglicon and glass were the pioneering materials used in the early
development of microfluidicsfew of the techniques have been extended without or with
minimal modification for fabrication in some polyme#sbrief discussion of the processes

is discusseth order to get an insight into polymer micromachiniagmicrofluidics
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2.2.1PHOTOLITHOGRAPHY

Lithography is the technique of writingnilateral 3D structures or patterns on
Substrates using radiations Depending on the type aif radiation lithograpghy can be
subdivided intophotolithography(visible Light or UV), X-Ray lithography electronbeam
(e-beam) lithographyand ionbeamlithography[2]. There are two aspects to lithography,
firstly, the resolution of the images on the substrate, sewbndly registration (alignment)
of the pattern[91]. The process involves coating the required surface witladiation
sensitive coating, called a resist which upon exposureto the radiation will undergo
chemical changesnd therebyn a development process yield the structure or patiére.
lithography process involvesther theuse of amask to in@ent patterns on the substrate or
a computer controlledsource guide(in a direct writing process)Mask based
photolithography also proceeds as two options, contact exposure and projection exposure.
Projection exposure (nerontact exposure) uses optics to allow for reduction in feature

sizes, thereby impromg resolution over traditional contact lithography.

& s

. Spincoat Positive PR UV Exposure Development

“ AR i

e,

R
R A

SpincoatNegativePR UV Exposure Development
Fig. 3 Photolithography with a) positive resist b)Negative resist
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2.2.2DEPOSITION

In order to create metal or metallic alldyms, deposition techniques are usethese
additive processeand can be classified intavo main typesChemical Vapor Deposition
(CVD) and Physical Vapor DepositigRVD). CVD involves creating surface reaction of
gaseous reactants on the substraterder to form a solid film. PVD involves removing a
target material from the source and depositing it on the substrate. Thiseieidoer by
evaporating the metahnd depositing the vapor on the surface of the substrate, or creating a
plasma of inert gas, which bombards the target material source and removes material from
it, which later condenses on the subst(aterocess knowas sputtering)The crosslinked
photoresistsised for patterning the metalremoved by a strippingrocess involvingesist

specific organic solvents.

2.2.AETCHING

Etching is a subtractive process, involving removal of either the substrate or a target
material. Whilephysicaldry etching involving ions, photons and electrons exists, Etching in
practice is generally a chemical process. It involves identifying appropriate chemistries to
react with the materiahcross a passive resist. Wet etching in@hmmersing the
substrates in etchant solutions for appropriate times depending on the etch rate and
concentration of the etchant and the etch depth required. Dry chemical etching involves
etching by gasses. Plasma cleaning is an example of chemical cthigigetPhysical
Chemical etchingprocesses like Reactive lon Etching dhe some of thecommonly
employed etching methods. They involve creating ions of reagésseswhich under low

pressure and high electric fields bombard the substrate to remove the material.
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Fig. 4. Etching Process

2.2 .5S0OFT LITHOGRAPHY

Soft Lithography is an umbrella term used to refer to a large number of processes like,
replica molding (REMP2], microcontact printing (LCI93], microtransfer molding4],
micromolding in capillaries (MIMICPS5], Solvent assisted micromolding (SAMI@¥],

Phase shifting edge lithoaphy{97], nanotransfer printing (nTPY8] and nano skiving99].

It is preferred over other methods as it requires minimal slalisl no mjor equipment.

The underlying principle for all these process involves the use of an elastomeric stamp, and
hence the name, Soft Lithography. This stamp is fabricated via a molding process over a
master mold which may be fabricated wiher micromachinig techniques either in Silicon

or Glass or other polymer&Vhile any compatible polymer may be used, the typical
fabrication is carried out with liquid prepolymdilse 2 or 3 parkelastomerigre polymers,
epoxies or dissolved thermoplastiepending on the polymer and the type of prepolymer
mix , the replication fidelity may vary. PDMS has been the choice of material for most
microfluidics applications, due to its great optical properties, inertness, low surface energy

and nortoxicity. Fedure sizes as small as-200nm may be fabricated with PDME00].
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Pre polymer mix pouring Curing Inverse Replica /Stamp

Fig. 5. Molding process for fabrication of stamp (similar for replica molding)

This nolding process along with replica molding fosra part of the basis of the
fabrication process in this thesis. Hence only replica molding is explained.

Regdica molding proceeds via the same technique as the fabrication of stamp from
the master mold, except that the master mold for replica molding is an elastomeric polymer.
A dissimilar polymer to the stamp should be the ideal choice of polymer, but similar
polymers have also been used especially with PDMS. MoldingDi¥1S against PDMS
requires a silane surface treatmenpiider to avoid fusion.

The molding and replica molding asemple processes, but require considerabole time as
the curing rates for diffrent polymers vary and are often a few hours at elevated

temperatures to a few days at room temperature
2.2.6POLYME R MACHINING

2.2.6.1 Micro-milling and Laser Machining

Subtractivemachining processdge micro-milling and laser micromachiningre
sorme of the most commonmachining methodsused with polymersThese are most

effective with rigid polymes. Micromilling involves use of precisely machineulilling
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tools ,availablefor featuresizeup to5 Micronghttp://www.pmtnow.com/endhill/micron)
to remove materials from a stock piet®ith this small the dimension of the emndills,
handling and machining is a very delicate operatidiiicro-milling machines employ
computer numeric controls (CNCwhich automate the process, therelaymproving
repeaability and precision. The designs are fed to the machine@xl€s. Alternately, the
designs can be created on a designing software like AutoCAD, and fedrtathéenevia
software like MasterCAM , which convert the designs intod@desMost operationkissues
arise out of tool failures, but adequate chip building measures can ezigabiity [101].

Laser machining is another important tool for microfluidics chip fabrication.
Different forms of lasersources offer different wavelengths and thereby a range of
minimum resolutions.Shorter wavelength lasers can produce smaller feat@esrt
wavelength lasers include U{266-355nm)and excimer lasers, while Nd:YA@064nm)
and CO2 Laser$10.6um) offer higher wavelengthsThe fabrication involves focusing a
laserbeam controlled on an-X stage. The energy associated with the laser fwaaks
down thepolymerchainsin the focusedregion which when continued along X and Y can
produce suitable structugerhe nature of breaking these bonds varies with respect to the
laser sourceThe contactless manufacturing offers rapid and repeatable manufacturing
without the concern of tools wear. Lasers have also been used for surface modwieation
surface mioo-structuring or chemicajrafting. Malek published a two part extensive review
on the use ofdsers for biemicrofluidics [102, 103] which alsocovers at length the
principles of lasermachinng and the challenges associated incontext with- bio
microfluidics. CO2 laser based machining is the most common machining tool used by the
microfluidics community primarily for prototyping, as it is also the cheapest of the ldsers.

offers relatvely quick machining times and can be used for machining thermoplg<iigs
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106] or PDMS[107] or even thin meta]108, 109]The results are particularly good with
PMMA due to its high absorbance in the IR with low heat capakcager machining in
glass is challenging due to poor thermal conducting properties of ggagsounded with
brittleness which risks inducing microcracks, and thereddgo high surface roughness.
Thus high energy low exposure times are required, which are feasible with U¥YAGr
Ti:Sapphire with nand 10] to femtesecond eposureg§111].

The features produced Hyoth micremilling and laser machining generally have
significant roughness and are avoided for opliased microfluidicsensing devicesThe
micro-milled features are generalbythogonal, and do vary slightly depending on the wear
of the end mill, whereas the profiles for a laser cut microchannel could vary between
shallow curves to deep converging trenches, depending on the aspect ratio of the channels.
They are preferred fathe ease of fabricating multi height devices in a single Namc
femtosecond laser based manufacturing reduces the extent of roughness significantly. These
processes can be combined with electroforming techniques to manufacture molds for other

fabricaticns processes like hot embossing or injection molding.
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(c)

Cutling edge radius

Fig. 6. Micro end mill bol images: (a) optical image showing all sections of a tool,
(b) SEMimage of the cutting end of an end mill, and (c) SEM in@fge corner of the tool.
[Reprinted from{112], with permission from Elsevier]

(b)

Fig. 7. (a) Micromilling machinelfnage courtesyMinitech Machinery Corporation)
(b) SEM ofan end mill in comparison to a leg of an §Rhoto courtesy of Texas A&M
University via Permormance microtools)
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2.2.6.23D Printing

3D printing of microfluidics is the most receadidition to the list omanuacturing
technique for microfluidicsStereolithographys a form of 3D printing, wherein a focused
beam of light(mostly UV) produces arbitrary-8 shapedased on a CAD file inputn a
polymer from a photoresin precursdreld on a controlled recedimqedastal.While the
traditional systems involved a scanner tracing the structures based on CAD input, also
referred to as Direct Laser Writing (DLW), modern systems rely on digital image projection
techniques, in packages called Digital Mirror Disp@MD) Technologies.To create
channels, thehannelwalls are polymerized by light and the uncured resin is drdiEs].
forming the channel Integrated valves with microfluidics have been created via
stereolithography114].

3D printing is a very laborious process and involves significant sophistication. The
surface quality and geometric integrity is debatable depending on the level of sophistication
of the equpment and the polymeklost of the low to medium cost printers suffer from poor
resolutions, while the high end systems could cost as high as $1A0P@, 000et OO6 Ni el
al. [115] have briefly discussed the advanests in stereolithography for microfluidics
andcite thatthe expiration of patents is and will drive the cost down in the near future, but
also express that more research is required in terms of new resins and in removal of
supporting structures at theade for use in microfluidicsThe technology is still at a
nascent stagdo be adopted for mass manufacturiagd can be promising with
advancements in polymer sciences. For now, 3D printed molds can be used as templates for

complex microfluidic geometrge
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Fig. 8. (a) Conceptual layout of a 3D printing set(#f) DLW concept (B)DMD concept
[Reprinted with permission fronill6]] (b) an integrated valvinginit integrated with
microfluidic system manufactured via 3D printingReproduced from[114], with
permission of The Royal Society of Chemistry]

While none of these processes, under polymer machining arefaddatge scale
manufacturing, they are great tools for early developmental stage, which requires significant

design iterations.

2.2.7POLYMER THERMO -FORMING

Thermoplastic polymers have the potential to be thefionoed into required
geometries and strugies, via processes like injection molding, hot embossing, injection
compression molding and thermoforming. Theffmoning of polymers has been in
existence for long and are a fairly well characterized processes for macro sized products.
This know-how can be extended to micromolding processes with small modifications.
While polymer related properties do define the processes, the molding parameters for the

processes vanyith differentmachines, and complexity of the molds.
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2.2.7.1Injection molding

Injecton molding is a variothermprocess[117] involving cycling the mold
temperatures between above and below glass transition temperature of the polymer. The
mold cavity houses a microfabricatewld insert. For the process, the cavity is closed and
evacuated, and the mold is heatexfore a measured quantity of melted polymer is injected
at high pressures into the cavity. After a complete filling, the temperature of the mold is
reduced and thsolidified structured polymer is ejectddetering size and hold times have
been shown to have the most significant effect on the molding quality, based on DOE
experimentation by Zhaet al [118]. Some of theotherimportantparameters aremold
temperaturginjection speedinjection pressurand melt temperaturé&ig. 9(b) shows the
variation of pressureand the teperature (as describedby International Standards
Organization (ISO) 294.:1996 protocolsand the process layo(Kig. 9 (a)) [119].

Microinjection molding is the mostly commonly used method for large scale
fabrication of microfluidic deviceand the fabricated chips couldst only a few pennies.
Submicron and high aspect ratideature sizes are achievabl®espite the low
manufacturing cost, the capital costs often run inibfiyure amounts. While the process
could be outsourced, most commercial injection molding cootaaperateaway from
clean rooms, while fabrication of these devices requires operating in a dedicated clean room

facility, which againaddsto the cos{120].
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Fig. 9.(a) Schematic of Injection Molding Process flg)wPolymer loading in the nozzle (ii)
Clamping (iii) Polymer injection followed by cooling (iv) demoldifé)dapted from[119]]
b) Pressurelempeature Diagram for Injection Moldin@Partially adapted fromiSO 294
1:1996(E))
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2.2.7.2Hot embossing

The variation between injection molding and hot embossing arises out of the state of
polymers being introduced into the molds for structuring. Elmbossing uses a solid
thermoplastic polymer sheet, which is pressed into with a msicuctured mold inserdt
the glass transition temperature. After cooling the mold opedstten molded part is
ejected A pressure and temperature relationship ovehtteembossing process cy¢i1]
and sclematic process layout is asHig. 10[119].

Modifications to the embossing process, through the developmewtl ab plate
and roll to roll hot embossing have made possible series mass manufacturing of
microfluidic/ microfabricated systemB these processes unlike regular hobessing, the
temperature of the imprinting roll is set to be higher thawfiile the holding roll/plate is
held at below §. The stamps are fabricated on tsimeet of electroformed metals (generally
Nickel) or in polymers and wrapped around rollers embedded with Be&@ter roller scan
speeds are very lowof the order oD.1-2mm/sec)122].

Low temperature embossing processes like ultrasonics assisted embossing provide
high fidelity structures without the warping issues generally associated with hot embossing.

Sahli et al [123] concluded rfom their detailed scamg mechanical microscopy
analysis that the quality of structures proés via either injection molding or hot

embossing is completelgientical
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Fig. 10.(a) Schematic of Hot Embossing Process flasapted from[121]] b) Pressure
Temperature Diagram for Hot Embossifgdapted from{119]]
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2.2.7.3Mold insert fabrication

Molds for injection molding and hot embossing can be fabricated via,
1. LIGA or DEEMO
2. Micro-ElectroDischarge Machining (LEDM)
3. Micromilling or laser ablation
4. Silicon etching or Photoresist based

Fabrication via Silicon etching, photoresists, micromilling and laser ablation have
been discussed earlier. Mold inserts fabricated by micromitingaser ablation can be
fabricated at low cost but are of inferior quality. Molds fabricated phatoresists are
generally for small batch fabrication.

The LIGA and DEEMO process of mold fabrication is used for very high quality
molds. LIGA is aGeman acronym for Lithography, Electroplating and Molding, while
DEEMO stands for Dry etching, Electroplating and Moldjig¢4][45]. For the LIGA
process, a thick film resist iphotolithographically patterned using-ry synchrotron
radiation. The resists is developed and talctroformedyenerally withNickel or Nickel
alloys. This electroplated template can be usedniding[124]. In the DEEMO process,
instead of using a thick filmesistand thehasslesf specialized Xray lithography, a thin
film resists is patterned osilicon, followed by DRIE to achieve the high aspect ratio
features. The etched wafer is then subjected to efeatning with Nickel or its alloys to
yield the required template for moldipgpb].

The proposed fabrication process, in the following chapgmts rid of the need for
these expensive mold inserts and the huge apdnske tools. Adding to this cost saving,

the fabricatiorprocess requires little to no time in a very rapid manufacturing technique.
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Fig. 11 Mold inserts fabricated by different processesngdling with a CNC machine, (b)
lasermanufactured tool with different surface roughness, (ghyx lithography and
electroplatingLIGA) (d) silicon etching (courtesy of Jenoptik Mikrotechnik GmbH), (e)
photolithography with SU8, and ( f ) electric disgi machining (courtesy of Institut f'ur
Mikrotechnik Mainz)[125] [© IOP Publishing. Reproduced with permissiorAll rights
reserved]
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2.3 Bonding of Microfluidics

In orderto yield a functional device, microfabricated microfluidic chip has to be
sealed either to a blank substrate of another microfluidic chip (in case of multilayered
devices) This operation in a chip manufacturing process is often the most delicate,
complicated and low yield proce$$26, 127] The bonding operatiomay also include
providing an interface fochip to worldinterconnection. It is important to first identify the
scope of bonding. A bonding operation shouldl sechannel so that ttiliid sample is in
the control region for angf thefluidic driver modesprevent external reagents from cross
contaminating, support tegration of sensing mechanisms amihimize dead volumes for
interconnections.

Bonding of silicon and glass substratesan beequally as challenging as the
fabrication process itselfAnodic bonding is the most common method used to produce
hermeticseal between silicon and gla3is process involves heatimgth the surfaceso
temperatures of 36600°C and a high voltage is applied between the two surfaces, between
200-2kV. The surfacesnust bevery smooth (Ra~5nmfor this process to worlknd the
bonding occurs due to high electrostatic fields. In chemical terms, a tlia axjer (SiO-

Si) formed at the interface holds the both the surfaces togdtimemigh temperatures and
extreme requirements of surface roughness make this process difficult to integrate with
metal electrodeand temperature sensitive materials.

Bondingof polymers can be achieved by many ways, by exploiting either physical
or chemical properties. Externtaktures and adhesives may also be usad also be used
depending on thdesiredbond strengthBonding can primarily be classified as reversible
andirreversible bondingThis classification is based on the type of failarechanism. An

adhesive failuredentifies a reversible bond whereas a cohesive failure at the interface is
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considered an irreversible bonbireversible bonding exhibits high adih@s strength and as
the name impliess a process used for substratesbe permanently bonded, whereas

reversible bondingre low strength bonds argpreferred for low pressure systems
2.3.11RREVERSIBLE BONDING METHODS

2.3.11 Surface activatedbonding
(a) (b)

Fig. 12. (a) Chemistry of Plasma bonding (b) Plasma Cleaner Unit (Source: Harrick plasma)

Bonding between low surface energy surfaces can be challept®&) thus
increasing the surface energy helps to improve bonding due to higher electrostatic
interactions and creation of hydrogen or covalent b¢h2g]. Increasing surface energy of
polymers can be performed in two ways, one approach could be to break down the bonds at
the interface of the polymer to produce highly reactive sites , while the other method would
involve modifying the polymers at the intace or grafting new polymers / free radicals at

the interfaceBoth these approaches can be achieved with different methods and sources.
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The widely accepted standard procedureirficversiblebonding of microfluidics
made fromPDMS is plasma activated hding. This process involves creating functional
groups at the surface using plasma. Various gases likgedikie, NH, CO, CO,, H,0, N,
NO, and F, can be usefiLl29], but Q is the most prominent source foonding of PDMS
against PDMS, Glass or silicoActivation via Q entails creation of a silanol group at the
interface. PDMS has repeatd®-Si(CH3)} units, the surface molecules of which shed a
methyl group and a silanol grougOH). When the two actitad surfaces are brought in
contact, being polar compounds, the silanol groups of both the surfaces react to form an
interfacial StO-Si, after dropping a water molecul@ig.9(a)) Bhattacharyaet al,
performed detailed parametric studies of PDRIIMS and PDMSGlass bonding and
reported a maximum bond pressures of PD®&I1&ss bonding to be #2psi, which was
tested via a burst pressure test similar to the one reported later in thigiB8ki8onding
against other surfaces may proceed via different activations, some of which may use a
mixture of gase$131-133]. Apart from specific gases, vaccum and atmospheric air have
also been used as sources for plasma genefd®drl 36]. Similar plasma based techniques
in context with thermoplastics, have also been discussed byetsafi27]. Bhattacharya
et al [130] also tested a few sources of plasma generators, namely, Inductively Coupled
Plasma Reactive lon Etching (IGRE) and Plasma Enhanced Chemical fapeposition
(PECVD) and concluded to also have effect on the bond quality. Based on recent articles,
Harrick Plasma cleanés one of themost common cleanroom plasma generator (Fig 9 (b)).

UV exposure dose also aides the bonding process by activatingutfaee, but
cannot be a standalone bonding mechanism. The surface activation helps reduce the glass
transition temperature of thermoplastic polymers, which as a result can be bonded at

temperatures far below their actual glass transition temperdlidés This works by virtue
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of creating oxygen free radicals in the process of converting atmospheric or source derived
oxygen to ozone, which react with the low molecular weight polymers on the surface,
thereby creating high surface energy interfa¢g€38]. Ethanol in conjugation with UV
exposure have been demonstrated to partially dissolve and break down the interfacing
surface of PMMA, which can be brought together to forstrang bond.

Creating a new chemically active interface also helps the bonding process. This can
be achieved by either grafting new polymers or subjecting the surface to form new
compound via chemical reactions. Retyal. demonstrateghotografting of2-hydroxyethyl
methacrylate viaJV in COC [139]. Beh et al demonstrated that a treatment of PDMS
interfaces in Methacryloxypropytimethylsilane (MARTMS)+NAIOs+Methanol followed
by UV exposure intiatea polymerization reaction on the surface and thereby bond
togethef140]. Bonding PDMS to surfaces which cannot be activated via plasma or UV
treatments requires activation viaegtical grafting. This requires treatmeoftthe substrate
to be bonded to PDMS, wi t h -5 me, fodowquitby si | aneé
subjecting both the substrate and PDMS to a corona or oxygen plasma for 2min. After this
both substrates are brought incontact and held for 10 minuteshievea an irreversible

bond[141].

2.3.1.2Thermal bonding

Bonding of thermoplastics usually takes the route of thermal bonUdiniike for
elastomers, bonding of thermoplastic arises out of moleculangiement.Since these
materials can berocessed at glat the same time maintain the maintain the channel
integrity, thermal bonding involves fusing thebstrate and th#eviceusing a high pressure
at this temperaturéhis technique is best adaptetien both the device and the substrate

have been heated to similar temperature and are preferably of the same ni¥terial.
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bonding temperatures can be reduced to belgwyTsurface activation via UV or corona
dischargdreatmen{137, 142] Thin film lamination is a modern thermal bonding technique

and offers quick bonding times compared to traditional techni4é&s.

2.3.1.3Localized Welding

Fig. 13.(a) Ultrasonic bonding Schematic of the bonding principlee energy director
material is contained within the groove resulting in no added hé¢iytiapted from[144],
with permission from The Royal Society of Chemist(l) Crosssectionof a 500 um
square microchannel in PMMAealed by ultrasonic bonding, with deformed energy
concentration structures evident on either side of the channel offeemited from145],
Springer 2006]c) Ultrasonic Bonder Unit (Branson 2000X)
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Localized welding involves creating a small high temperature zone where the
polymers can be bonded, without having to heat up the bulk material. Theonasion
method under localized welding is Ultrasonic bonditgjtrasonic bonding involves
localized heating of the interfacial surface, using ultrasonic vibrations. This process requires
using energydirectors[144] to focus the energy ofultrasonic vibrations into a specific
bonding zone The temperatures rise up in these zones, creating a melt flow and under
pressure, form a localized se@here are various factors that govern the bonding process,
the amplitude and frequency of ultrasonic vibrations, the applied pressure, preheat
temperature and the time of application of the ultrasonic erjgéd®]. Truckenmulleret al
first introduced the concept of ultrasonic welding to microfluidié3]. This required
designing the energy directors to run parallel on either sides of the microcharimel.
ultrasonic welders are a reasonably expensive piece of equipment (~$10,000) but the
welding times are very short (a few tens of seconds). The investment for such a tool may be
a justified for a large scale manufacturing lifdhermal and solvent assisted ultrasonic
bonding techniques have also been proposed, which donot require the energy diré8tors
149].

Another form of localized welding is microwave bonding. This technique involves heating
the interfacesurface via the use of conductive heating by embedded thin metal films. The
polymer itself is generally transparent to the microwave frequencies, but the embedded
metal heats up to melt the interfacial surface and thereby form a localized Fudld.
interface deposition of met4ll50] or selective masked depositifhb1] may be pursued.

This process can be performed in commercial microwave [Wfifl], rendering it
significantly cost effective over many other bonding techniques like the thermal, ultrasonic

or plasma bonding, in terms of capital costs.
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2.3.14 Solvent bonding

All thermoplastic polymers are soluble to some degree in organiergslvthe
solubility of a pol ymer i's given b-polaHi | debr a
pol ymer s, if the U0 value of a polymer and sol
materials readily coexist, and therefore the polymer can easiyolde [152]. For
amorphous polar polymersla n s e n 6 s uged) whicih accounts for other forces in the
bond, the permanent dipeermanent dipole forces and the hydrofygenes,apart from the
londondispersion forcess with the standard Hildebrandt paraméi&3]. Though these
approaches are effective, there is stillumaerstandingf explicit interactions between the
two molecules[154]. Solvent bonding of thermoplastics involves selecting an appropriate
solvent to dissolve a very small volume of the interfacial surface so that the polymer chains
get intertwined, once the solvent evaporates. This process screateptionally strong
bonds but requiresignificantcare to prevent any damage to the chanmsisbrechtet al
demonstrated a peak bond strength o£Z.8MPawith a 9.22.3% deformation measured
via an tensile pulbff test on Instronin PMMA substates bonded by Ethylene glycol
dimethacrylate solvenfl55]. Kelly et al realized the maximum bond strength to be
15.2MPa by applying internal pressume PMMA substrates bonded via acetonitfil&6].

The interfacial surface also tends to show significant crazing around stressed microfluidic
channels, due to sudden release of these manufacturing induced stresses. Annealing of
substrates for a long period and solvent vapased bonding techniques for bonding of

PMMA and CO([157] have shown to minimize crazing.

2.3.15 Adhesive bonding

Adhesive bonding introduces a new material betweeo structural materials
specifically for adhesion enhancing propertiddhesives like pressure sensitive adhesives
and UV curing adhesives have been frequently used for both sealing of microfluidic chips

and also to provide world to chip interconnectioNsrland Optical AdhesivefNOA), a
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brand of UV curing adhesives, amepopular choicelue to their optical properties likew

fluorescence and high transmission in UV and/or visible light raagd wide range of

mechanical properties afteuring[158]. Using liquid based adhesivasks the channels or

other systems getting cloggetlring application and this possible loss of micsized

features is the biggest challenge when working witfalsle adhesive$/odified forms of

applying adhesives, similar to the inkinfstampg159], have been used to minimize the

feature loss, but are successful under specific applications with moderately wider channels.
Arayanarakookt al. demonstrated the application of UV curable adhesive using rollers to
demonstrate bonding of microchannels as wide as 20pm without any contamjh&6bn

Adhesive bonding in context with mir of | ui di cs doesnoét necessar
adhesive solution. Using sesmiired polymer substrates of the similar polymer as that of the

patterned substrate eliminates a lot challenges associated with liquid adhesregs that

it is limited to cwable polymers and is not compatible with heterogeneous material bonding
Tuomikoskiet al. demonstrated this concept with $[161], while functional PDMS based

devices bonded via the partial cure methadenbeen demonstrated by Eddiegisl. [162]

and Sang Get al [163]. Sang Geetalal so characterized an opti mu
maximum bond strengthThermosetPolyester, Polyurethane methacrylate and NOA have

been stated to adopt a similar semred polymer based bonding proced$4].
Complementary polymer grafting / coating aided bonding has sometimes also beeul refer

to as adhesive bondif@65].

2.3.2REVERSIBLE BONDING

Reversible bonding allows for easy assembly and disassembly of microfluidic
devices, thereby allowing high throughput and reusability. Being low bond strength

systems,small dislodging forcesould potentiallyaffect the performance of the chip
33



Though notdesirable for a commercial system, it is the most preferred choice of bonding in
research environmeras it allows for repeatable bonding trails for proper alignment and
temporary sealingApart from being used for bonding of prototypeédsi also usedfor

patterningof micro electrodes;ells and other bionolecules

2.3.2.1Bonding by self-adhesiveproperty

Elastomeric materials likePDMS can be bonded to various other substrbkes
silicon, glass or itself by creatirg simpleconformal contact withthe required substrate.
This bonding is facilitatedy van der Waals foes and can supmt up to 5psi of fluid
pressurd130]. Electrostatic charge based bondiras been demonstrated for bonding of
Rigiflex PEGDA mold with gold or silicon substrates to create nano capillaries. The
electrostatic charge was generated by mechanical friction due to peeling of tARBAPEG
film from a silicon mastef166].

Adhesive proprty based bonding can be leaky even with flow rates as low as 1
pl/min [167] .To supportany pressures and to ensure leak proofing, external gripping

sources like patch clammave been sugges{éé7].

2.3.2.2Sealing by active sources

Bonding byaspiration methodhvolves using a negative pressure source to induce
an effect similar to a suction cup. The device is fabricated in a way so as to ensure the
microchannel is unaffected by tkkacuum,while the net suction cup effect and the material
stiffness help holdhie microchannel against the bondsdrface [168]. Releasing the
vacuumallows easyremoval of the device.This concept can be implemedtwith rigid
plastics only for extremely clean and smooth surfaces, but has a much better performance

with elastomeric materialsThough not a widely used method, it has been used
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performing assays overe-cultured cellssuch asneural progenitor cellsThe interesting
aspect of this integration is thtte cells were cultured in a pettish and the microfluidic
device was assembled on the petri dish later for the post culture B8Shy

Magnet assisteddmding has been pursued in different waksachenkecet al used
magnetgd170] to reinforce PDMS chips bonded to glassseyf-adhesiveproperty.Rafat et
al. reported magnet assisted bonding via magnetic slabs attracting iron particles embedded

in PDMS[171].
2.3.2.3Reversible bonding with adhesives

Double side adhesive tapes are a good candidate for aiding the bondiegsprohis
process does not require any external bonding equipment or any solvent or liquid adhesives.
Thompsonet al demonstrated this reversible bonding technique with three variants of
Scotcl® tape[34]. This concept has been rated for 1specialized users, since the adhesive
part from the tape is interacting with the liquid sample in the channel, which could lead to
contamination. Considering the application, the choice of tapes is limiitd the tapes

used in literaturg34, 172] being in Polyester (structural) with Silicone adhesive.
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2.4\World to chip interfaces

World to Chip interfaces provide for macro to micro conversiotuffes at the inlet and
outlet of the microfluidic chipsTheseinterface is probably the least reliable component of
a LOC device, and is often neglected by the microfluidics comm[&W8]. One reason for
the conplications in these components, especially from a commercial stand point is the lack
of standardization associated with interfaccgmponentd120]. Some of thefunctional
characteristicglesired for thevorld to chip interfaces are,

1 Minimal dead volume
1 Reuseable
1 Inert material
1 Easy interfacing
1 Leak free

While sealing of microfluidics and providing interconnections are two independent
functions most of the sealing concepts polymerscan be extendetbr world to chip
interfaces.Using modified syringe needles or pins (New England) or metal tatmes
directly plugged into elastomeric materifls4] (Fig. 14 (a)), or sealedwith epoxies(Fig.
14 (b)) or curing polymers has been the norfamoviding for interconnects on silicon is
complicated and requires extensive fabricatiomhere are modern low cost innovative
solutions beingproposed frequently. One such method involves using a double sided

adhesive tapE€ig. 16 [175].
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Fig. 14. (a) Schematic of theunchingprocess and the interconnect fabrication method
(Adapted from174]) (b) Metal interconnects embedded in PMMA holder chip and sealed
by a two part epoxy.
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(€)

Multiple fluidic
ports (arrays)

Microfluidic chip

X

Fig.15. ( a, b )typdiceupler that BtHthe inner and outer diameter of the capillary
tubing and preents adhesiveeeping into the microchanri@®eprinted from176], with
permission from ElsevieKk) Interconnect modugeinsilicon, for interfacing on &ilicon
microfluidic chip [Reprinted with permissiof177], Copyright © 2002, Kluwer Academic
Publishers]
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(a

ll— tubing
‘i‘ b connectors
i 2

tape

Fig. 16. Double sideadhesivaape bonded world to chip inter connects for paper based
microfluidics.(a) Schematic arrangement for the WTC interconnects (b) sample unit T
channel for and (Qerialdilution device [Reproduced fromil 75] with permission from
The Royal Society of Chemistry]

flanged

PTFE tube

b4

metal frame

Fig. 17. (a) Microfluidic Fit to Flow adaptdrReprinted fron{178] with permission from
The Royal Society of Chemistryb)press and screw fit connectors (c) Force fit
interconnectin PTFE(the force is applied with a holder by means of tightening screws)
[Reprinted from[179] with permission from The Royal Society of Chemistry]

Modular interfacing units like luer locks, anadhesive,press and screw fit

connectors are available in standard sizes, which is flist of the standardization
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initiatives in the field of microfludics. Few dher modular systems like fit to flow
interconnect[178] and flanged multichannel world to chip interfacgl79] have been
developed for mass integration.

Atenciaetal. proposednagnetic connectors for world to chip interface. The concept
relies on holding a magnetic needle holder against the inlet/ quatetwith a backing
magnet on the back side of the chip. Different sealing interfaces have been tested and a

maximumrupture pressure has been reported with polyimide[ig¥.
(a) Needle

Magnet
( Microchannel

=

\.Gasket —
7~

Glass chip
U Backing magnet

(iii) (iv)

Fig. 18. (@) Magnet based world to chip interconnects (b) Interface gaskativided by(i)
Polymidetape(ii) Polyestertape(iii) PDMS and (iv) rubber @ing [ Reprinted fron{180]
with permission from The Royal Society of Chemistry]

Extending an adhesive based bondang interfacing coreptbut integrating it with
van der Waals forces assisted bonding technique, we praposgel bonding technique
involving geckoinspired dry adhesives. This concept has never been attempted before and
we are the first group to extend the applicationrgfatihesives to the field of microfluidics.
Details of the integration will be discussed in subsequenthaptes.

Before delving into the integration aspdtts important to understand the concept

of adhesion in context tecko inspired dry adhesie
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2.5Gecko Inspired Adhesives

Gecko adhesion is perhaps one of the most extensively studied phenomenon in the
field of biomimetics. Tockay GeckosGekko geckdody weighta 43.4t1.48gm[181] and
can support-47 times their body weight (Clinging ability ~208%.33 N per pad81]) in
shear loadingand detachat will. This adhesion is facilitated by vanerd Waals
intermolecular forcef37].

Van der Waalsforces are weak intermolecular forces between telectrically
neutral molecules and thus ariset of dipole interaction$he types of dipoles can be
classified into three types, permanent dipole, instantandpgde and induced dipole.
Permanent dipoles are evident in neutral molecules with the significant difference in the
electronegativites of the constituent atoms. In molecules with atoms of similar
electronegativity , instantaneous dipoles are observeelseldipoles keep oscillating the
polarities on their constituent atom#/hen instantaneoudipoles is in proximity to a
permanent dipole, the oscillation of polarity in the instantaneous dipole is lost and gets
regulated by the permanent dipole. This iedkan induced dipole.

Thevan der Waals forces comprisa® ofthreetypesof forces London dispersion
forces, the Debye forces and Keesom fdi®2]. The forces betweean instantaneous
dipole and a induced dipoleare called the Londondispersionforces between two
permanent dipoles are the Keesom Forces, and between a permanedtueeddipole are
the DebyeorcesThey have a long range electromagnetic charadbésh is proportional to
r® wherer is the distance betwe¢ne molecules; ©molecular diameter.

Between two parallel surfaces the van der Waals force is given by

e é Eq7
vdw (pioo
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whereA is the Hamaker constant and is intrinsic to the maténatiry air ~10'°J183]),
whereas D is the distance between the surfg@€e&nm for solids in contgd33]).

Several attempts have been made to replicate gecko adhesostly in soft
elastomeric materialsHence an insight into the physics of soft material adhesion is
necessary.

While van der Waals forces still remanelevant for synthetic gecko inspired
adhesives, ther adhesion mechanisms observed in polgmeme based on iffusion,
mechanical, molecularchemical and thermodynamic interaction phenomenbhnese
mechanisms have been reviewed comprehensively by Aswvajan bulk polymer§l84].

The energy required to overcome the adhesive forces between two bodies in contact
is called the free surface enerdyquids in contact with another liquid or solid achieve
equilibrium at the lowest surface energy state, as in the case of rain dropsasmMogre
solids in contact, the equilibrium is attained by the distribution of elastic forces in the
contacting bodiesHowever in case dight loading inelasticsolid bodies surface forces
can be significantThis correlation was both theoreticallydaexpenmertally proved by
Johnsonret al, [185] also famously referred to as the JKR theory (Johnson, Kendall and
Roberts) According to JKR Theoryhe pull off forcebetween two elastic spheres of radii,
R: and R is given by,

0 =“7°'Y 6 éEq8

Where,o is the work of adhesion,

0=011+02-012 é é Eq9
21,2.= rface energies of the materials in air/vaccum

J1=interface energy when the two surfaces are iamn

and R is the effective radius, given by
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R= RR)/(R1+R)) é é E ql0

This equation can be adjusted for one flat surface by equating its radius to be
infinitely large.

This equation concludes that the pull off force is not related to the effective contact
area, but to the contact perimeter. Hence, a splitting of the contact surface can effectively
increase the net pull off force. This was experimentally demonstratddtpuhch contacts
by Varenberget al. [186]. It should also be understood that the work against adhesion
energy is not available to drive the next detachment, thereby requiring more net pull off
force than a mondh surfacgl87]. Other advantages include rough surface adaptability and
defect tolerance.

When the contact is split into N fibers of radii, YAVIO, considering self
similar scalingthen

0 - "YWl é 6 Eqll
While in case of radius invariance scaling model
0 - YO 6 é Eql2
Kendal[188] calculated the pull off force between a rigid disc, of ragiuand an semi
infinite half space of elastic material of modukio be,
0 YOO 6 6 E ql3
Where
o — é é Eqla
gbeing the posonsrato Ebei ng t he Youngds modul us of the
Spolenaket al [189] calculated the pull of force for fibers of different contact shape

elements in various animal3his work considered aertical cylinderof radiusa and
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modulus E;, and a semi infinite half space of modulug &d reworked the effective

modulus to be

— é é E ql5

Incase of contact splitting for this flat punch vertical fiber, N= taApplying scaling laws,

the force would scale proportional o ® . Hencethe effective pull off force, Pis given

by

0 00 8 é é Eq.16

This increase has also been validated by the wbi®&reineret al[190]. This work also

experimentally studies in detail the effect of aspect ratios of the pilaen the radii (r).

The pull off force was demonstrated to scale as a functiofi‘bis scaled as’2 Inorder to

accommodatt he separation of each featun® rmay prac
also be included, which is always directly proportional, ldrel } (R # jRa/rY.

Varenberg et al]191] revisited the hypothesis of ar@adependent/perimeter
dependent model and concluded that the area does have an effect and the adhesion would be
equal between a two structured amah-structuredsurfaces as long as the contact area is
same, but added that theepence of thin film based terminal elements are critical in the
development of a successful adhesi@ieneret al6 EL90] work also proposes accounting
for the apparent area of contactdrder to have a better comparis@iso recently, the
contact splitting theory has been reported to be aasonrate mode]192], though the
experimental studies support the claifrincrease in pull of force witmcreasing splitting
While theoretically increasing the aspect ratio and decreasing the radius may be
advantageous, there are physical limitations from a manufacturing perspAttvebased

on some experimental work carried out in our research difi§j, for a similar effective

contact area (~50%ill factor) the variation in peak adhesion strengths of S00umM
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mushroom shaped fibers was very smalthough attempts have been made to fedie
nanostructureffl94] surfaces for adhesion, but condensation effects caused by clustering of
the fibers have been observed, which led to reduced adhd€i6hThis has also den
referred to as the matting condition or lateral collapse.

Also most of the theories studying adhesion consider the material as a linear elastic
material, while most of the polymer samples often demonstrate hyperelastic behavior.

In the process aftudyingthe adhesion in some of the beetle species, Carb&mnne
alos work also Il ends credence to the observat
improve the adhesion. Thetudy compares the different failure modes between a flat punch
and a mushmmm shaped contact eleme@obmparing the pull of strengths, the peak strength
requiredor a mushroom shaped contact elemander a central debonding mechanism ,

which is the typical mode of failure, was identified to b@2],

— = é é Eql7
” Y q

Where Y5 is the stres dependent energy barrier ~1@¥room temperature (T=300 K).
The effect of surface roughness is critical for adhesion in Geckos. While the contact
forces typically decrease with sliding between two rigid bodies, Geckos rely on shear
displacements to initiate adhesion. A small vertical preload combined with a sagrt d
against the contact surface engages the Gecko sgaf8heConsidering this mechanism,
Gecko adhesion also inclmla component of 0frictional adh
interference, cold welding or other bonding mechanishhss adhesion is proportional to
the shear forcgl96]. Penget al. also identified that the adhesion offentnanofilm over a
sinusoidal roughness varies with the amplitude and wavelength of the roughness. The

normal adhesion decreases with increasing surface roughness for film lengths larger than
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the wavelength, while it decreases initially and then incre&éseshe shorter films
[197].This work also identifies that Geckos have optimized their spatula thickness in a way
S0 as to maximize the adhesion force. Incase of mushroom shaped contact geometries, the
adhesion strenfy has also been found to increase with decreasing roughness. At the same
time, depending on the size of the adhesive fibers, the adhesion was observed to be very low
with surface aspereties that very fine and very large compared to the adhesiveL@8krs
Hence , microstructured surfaces provide flaw insensitivity as an added benefit apart from
improved adhesion compared to plane unstructured surfaces.

Synthetic versios of gecko inspirecadhesivehavebeen mauofacturel in a wide
variety of polymerswith variable results depending on the presence of any thin film element
or without Thermoset elastomers like PDM399], Polyurethane (PU)Polyurethane
acrylate (PUA)andPolyvinylsiloxane have been the most preferred choice of materials. Of
late thermoplastic elastomers have also been used for thg2@0he/arious geometries of
microscopichanoscopic microfibres, fabricated by different methods at different
orientations have been studiefiince there is no standard measurement technique, the
results that have been reported cannot be directly compared against each other. Few
versions have also demonstratedier wateadhesio [201] and adhesion imacuum[199].
Sameotoet al have reviewed many of these synthetic dry adhegR@2]. Most of the
synthetic adhesives have been fabricated to perform under shearing forces, which also tends
to provide the anisotropic adhesion due to orientation of the fibres. Some 6@bréhe
geometries arshownas inFig. 19. Del Campoet al. conducted a study of effect of length
scale and tip geometry on adhesion performance and conchatede tip geometry plays
the most significant role. Pillarwith mushroom shaped tips had the greatest pull off force

compared to other geometries like flat tipped, round tipped and spatula tippe@i33rs
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These synthetic adhesives have been used as the locomotion mechanism for vertical
climbing robots and for spa@plicationg204]. Our group has extended this research for
MEMS pick and placg¢193]. The anisotropic adhesion helps in reliable picking and easy
release[205]. Gecko adhesiveused in tandem with mussel adhesive proteane been

demonstrated to improve perfornee, especially under wat06]. M.K Kwah et al [207]

and Mahdav[208] have reported the development of geco inspired tissue adhesives.

=

10kV 500 xm

Fig. 19. Synthetic gecko inspired adhesivésWedge shapealdhesivdibers in PDMS
manufactured by dual layer SJithographyin on quart wafef209] b)verticalfibres in
polypropylene manufactured over polycarbonate filter by pressure fillimganumat 200

°C ,scale baequalslO miaons[Reprinted with permission frof210], Copyright 2006 by
the American Physical Society] polyurethanamushroom shaped fibefReprinted with
permission fronj211] Copyright 2009 American Chemical Societijlhierarchical
mushroom shaped adless in polyurethane with each layer hierarchical layer formed in
separate steps and assembling by joining interfaces with liquid polyurethane and curing
[Reprinted with permission frofi212] Copyright 2009 Americahemical Society].
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(e)Angled mushroom shaped polyurethdibersfabricated by dipping angled fibers in
liquid polyurethane and curing against a flatfaceunder an applied press{i&l3],
[Reprinted by permission of John Wiley & Sons, Inf).Bylgard184 fibers fabricated by
thin film inking of Sylgard 184ollowed by downward curing and tilted printing and curing
respectively anfk14] [Reprinted by permission of John Wiley & Sons, Ing)Jangled

high aspect ratio nanofibers fabricategolyurethane acrylatey replica molding from a
directional etched polysilicon substr§®d 5]. h) Polyurethane fibers fabricated from
commercial PMMA master molds in a single molding proé&ssroduced with permission
[202], © IOP Publishing]
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CHAPTER 3: STUDY OF MANUFACTURI NG FEASIBILITY WITH
SEBS

3.1Introduction

Inorder to make synthetic gecko inspired adhesive integrated microfluidic devices,
this chapter studies a novel low cost matenahich has been demonstrated to be
acceptable for microfluidigsfrom a manufacturing perspective. The gecdkspired
adheisives present an aggressive geonthfiyis challenging compared to a conventional
microfluidic fabrication technique. Hence a replication fidelity study involving Scanning
Electron microscopy and Optical profilometer beased deductiomegenged here.

Thermoplastic elastomergprovide an alternativeto both elastomers and
thermoplastics in a way that assimilates the best of both the mat@&halsmaterial of
choice from the TPE familthat has been studied extensivelytiweneethylenebutylene
styrene.

Styrenic block copolymer have a typical structure ddtyreneother polymer
Styrene complex In the case of SEBS, the intermediate polymer is polybutadiene,
polyisoprene , making a SEBS a linear triblock copolymer. It may be mamdddy the
hydrogenation of Styrereutadienestyrene[216]. The glassy styrene is distributed in a
continuous elastomeric matrix of EthyleBatylene. Thes@rganized sections of styrene
act as physical, rather th@hemical crosslinks, arate free to move, break andomanise
at elevated temperatureghich provides the elastomer its thermoplastic proper8&BS
has two glass transition temperautres associated with the etlyleiene and polysturene

domainsat ~-55°C and ~95°C respectively

Sections of this chapter have been publishefPitiz] and are reproduced with permission
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Between these glass transition temperatures, the styrenic domains remain glassy and
provide for the physical crosslinks, thereby preventing the flow of the rubbery domains. The
melting temperature of polystyrene is ~165 °C. The physical morphology &BB&is
sphericalfor the solid phase rat0<0.20[216].

(@)

\ Q he domain

(b)
#CHZCH H CHZCHZCHZCHEH CHZ—C|H H CHy CH
m ) C *|H2 N

CH,
Polystyrene Poly(ethylenebutylene) Polystyrene

Fig. 20. (a) Physical structure of SEBS (adapted fi@dB]) (b) Chemicalformula of SEBS
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SEBS is commercially available in different proportions muflystyrene, and
poly(ethylene/butylene). There also are variants \pdlypropylene, sometimes classified
under a special categor$SEPS (styrenethylenepropylenestyrene]219, 220] Apart from
the basic variations, these polymers may also contain various plasticisers, solvents and oils.
Hence not all commercially available SEBS variants could be of use for microfluidics. Also
different companies brand it uaddifferent names making it difficult to identify except via
material data sheet&raton PerformanceéPolymers has a G series lineup mostly of SEBS
and have been graded for medical application. GLS has a small line of clear/transparent
SEBS in the Versadlx CL series. Polimeri Europa has a SOL TH series of modifier free
SEBS. Dynasol 6s CH series and Al phaGaryds E\
Ozone resistant and FDA approved for food storage. Hexpol TPE has different TPEs
including SEBS (Dryflex T g&es) with customizable TPEs available for specific uses
including medical device grade and chemical resistant formulations

A few studies have been performed to test the viability of SEBS for microfluidics.
Borysiak et al, [86] studied two different grades of SEBSEBS 42(42wt % PS) and
SEBS 12(12wt % PS),and compared it with PDMS and Polystyrene. SEBS 42 devices
demonstrated wettability, stable surfaces (for both contact angle and -eletintic
charge)thermal stability, low autoflourosence and high transmissivity. The material was
also tested for cell attachment and proliferation. It was also concluded to be superior to
PDMS in terms of molecular adsorptiffig. 22). Features as small as 2um (dia) and aspect
ratios as high as 4:lyere demonstrated to be feasible. The polymer was dissolved in
toluene and fabricated via soft lithaghy techniques. Theilicon surfaces needed to be
silane treated for efficient and reliable demolding. The authors algoltesersible, plasma

treated and thermal bonding, and found the maximum pressure 20 3t¥si, 3635psi
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and 60psi respectivelfell culture studiebound SEBS(SEBS42 and SEBS1#) promote

cell adhesion and proliferation, which was comparable or slightly exceeded the growth on
PDMS (adsorbed with Fibronectinpudarsaret al. performed EcoRI restriction enzyme
digestion to prove biocompatibility with SEBS ©B00 in molecular biology grade mineral

oil. A solvent compatibility study has also been performed and concluded to be compatible
with most solvents, and with minimal suweg, except for toluene and chloroforf@4].
Geissler demonstrated localized DNA array formations on Versaflex (880 These
studies can benterpreted to imply thaSEBS should be appropriatéor many basic
microfluidic applications. Borysiakt al confirmed the feasibility of performing advanced
microfluidic analysis using dielectrophoresis and isotachophoresis, which involved studying
the polymers electric and surface charge properties, which were concluded to be highly
stable and conduciveSince there are different types of assays and cell culfpgdg a
universal acceptance S8EBS for microfluidics can only be made after further studies.

Melt processing has been the preferred choice of processing thermoplastics and
thermoplastic elastomers. While théh dimension control , short cycle time and high
productivity make it moreulcrative, the capital cost involved in fabricatiowia injection
moldingis exorbitantly highThe typical cost of injection molding machines ranges around
50,000USD, for low end versions while the high end variants could cost upwards of

100,000 USD Based on economy of scale function defind@2),

0 ¢ O — 00Q é é Eql8
0 : Cost per device for a volume productionroparts;6 : Cost of raw materials;
0 : Non recurring cost (Capital cost, production automation étc)nitial process cost

for the first device (towards process optimisation)
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the cost per chip scales as a function of number of parts being manufactiied Wi
further scale down depending on the number of components and the processinbhsteps

high initial capital investment could be justified only after an initial success of the product.
Pricalpart

Injecticn molding

Hot embossing

Elastomer casting

e —

-
100 1000 10000 100000 MNumber of parts

Fig. 21.Economicof scale based on manufacturing procfReprinted fron[222] with
permission from The Royal Society of Chemistry]

As evident from,Fig. 21,melt fabrication via injection moldingis the betterchoice of
fabricatonin a large scale compatible process for thermopkdiitt as the modulus of the
thermoplastics scales down witietmoplastic elastomers, the initial capital investment can
be minimised bwsing low cost moldand other modified molding machinesdthe break
even volume much shortengabssibly by a serial continuous procesas discussed in
Chapter 5 Solvent proessing of thermoplastics has shown to yield differences in the

structural morphology of the polymers due to factors like rate of solvent evaporation and the
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choice of solventf223]. Hence a melt processing apach may be better for large scale

manufacturing to ensure uniform quality.

Intensity

200 400 600
Distance (pm)

Intensity

\
== P N

200 400 600
Distance (um)

Fig. 22. The Rhodamine dye test analysis performed by Boryiak With Rhodamine B
dye filled channel: (a)5EBS (b), PDM&nd (c); the intensity variation along the width of
the channel afterflushing the dye, (d), SEB&) PDMSand(f) intensityvariation.
[Reprintedwith permission from The Royal Society of Chemistry].
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Table 3: Comparison of SEBS to PDMSBd PYpartially adapted fronB6])

Property PDMS (10:1 PS SEBS
mix)
Elastic modulus 1i 3 MPa 3 GPa <10MPa
(Flexible) (Rigid) (Flexible)
Advancing b : .
o a0 orderline hydrophobic
contact angle 108 94 (93-104°)
Surface stability ] ++ ++
Cell culture ++ +++ ++
Zeta potential S S T39 mVv (fol
(pH 7) I 2132 mV I 2180 mV and stable
Thermal stability -
(DSC) * ! *
Molecule sorption -
I ++ ++
Optical
transparency i * *
Autofluorescence + + +
Gas permeability +++ + ++
Cost of material high low low
Resolution 50nm 10nm 10nm
Ease of Moderate
demolding easy difficult (Mold easy
dependent)
Bonding via extensive .
thermal bonding .
processes , Thermal bonding
i (reversible not .
(reversible : (reversibleeasy)
possible)
easy)
Ease of
fabrication: melt processing melt processing
Rapid eas (expensive) (moderateexpensive)
prototyping y *solvent *solvent processing
processing (easy (easy)
Large scale .
expensive low to moderate low to moderate

manufactureing
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3.2 Replication studies

Since SEBSs available in different compositions, a preliminary guideline was set to
have the ease and simplicity for manufacturing and check for possible use of valves, which
required the use of lomoduli SEBS variants, which are generally available as pehsts
the polystyrene content increastf® crystallinity increases and hence these materials are
available in amorphous/ fluffy crumb staWhile the Geckofluidicsconceptdiscusseddter
indetail jn this thesis is compatible with other elastomeric polymers, a few polymers were
studied for the manufacturing feasibility. Five vargsamf SEBS, two versionsof a
thermoplastic polyurethane and oftemulation of Ethylene Vinyl Acetate (EVA) were
studied. The study was important, because demolding interlocked features after
manufacturing could possibly damage the features. Some torn and/or fractured features
embedded inside the molds may render the mold damaged for lasggsent processing,
while some polymers may undergo plastic deformation either perpetrated by adhesion or
mechanical interlocking.

The most well characterized SEBS polymers in academia have been sourced from
Kraton polymers. The low polystyrene contentiatons used in this thesis are G1657 and
G1645, with 12.314.3% PS and 11-53.5% PS content respectively. The detailed
composition of the Dryflex SEBS polymers was not available. The thermoplastic
polyurethanes are shape memory polymers. The fluffy sraaniants of SEBS are the high
polystyrene content sampleBig. 23(b)), though certainly compatibly with processes like
injection molding, were »xluded from testing due to incompatibility with the scale and
mode of the manufacturing process being explored. The manufacturing process is via
thermacompressive molding with a silicone master which is discussed later in this thesis.

Polymers like EVAhad to be manufactured at lower temperatures, because the degradation
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temperature is ~200 AC, while MM4520 requirec
cycling. G1645as a lower melt flow indexmeaning that is is much slower to flow under a
givenload and temperaturgvhich may also require a dual compression molding dgcle

adequately fill in the smallest featurdsbrief overview is ag Table 4.

Table 4: Overview of théhermoplastic elastomers

Shore
Polymer Type T Raw form
olyme yp Hardness 9

12 _ -42C and Clear dusted

Kraton G1657 SEBS 47A 95 C pellets
13 SEBS (With Enhanced _ -35 C and Clear dusted

e Rubber Segment) 35A 95C pellets

Temperature

Thermoplastic
polyurethane

Clearcylindrical

14
SMP MM4520 pellets

dependent 30 D 25C
for rubbery zone

Thermoplastic Temperature Clear cylindrical
SMP MM2520' olvurethane dependent 26 D 45C ollets
poly for rubbery zone P
1 EthyleneVinyl-Acetate _ -10 C and .
Prof o m (EVA) 85 A 3140 c  Translucent shee
Dryflex C3 SEBS/carbon _
60686 composite 70 A N/A Black pellets
17 _ -50C and Translucent
Dryflex T509 SEBS 50 A 100C pellets
17 _ -50C and Translucent
Dryflex T909 SEBS 90 A 100C pellets
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Fig. 23. a. Kraton G 1657 (pellet form) b. Kraton G1651 (Fluffy crumbs) c. Dryflex C
series (SEB&arbonblackcomposite pellets) d. Proform EVA (Sheet) e. Dryflex SEBS T
series fthermoplastic polyurethar(eylindrical pellet9

Qualitative inferences were drawn basedsoanningelectron microscopy and quantitative
measurements from optical profilometer scans along with rating for the manufacturing
feasibility. The SEM imaging data for 16um diameter (cap) mushroom shaped features

shown inFig. 24.
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Mag= 2.00KX EHT = 20.00 kv Date :5 Jan 2015 2. & Mag= 2.00KX EHT = 10.00 kv Date :23 Dec 2014 Lo T
®NanoFAB

WD = 30.5mm File Name = conductive_dryflex_8iridtif = SE1

C3 6068 Proform EVA
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MM2520 - MM4520
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Fig. 24: Replication study results for various polymers*

*The fracturedibresin the SEM are faithful replicas of induced damage in the master
molds.
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Polymers imaged under low gun voltages (2kV) had poor resolufimn Z5(b)), while

higher voltages cause surface charding 25(a)),. Hence a thin gold layer was deposited
using Denton sputter. The warping of the mushroom heads (referred as caps in the due
course of this thesis) is due to the stresses induced byepwositon of gold (~10nm) for

SEM imaging purposes.

WD = 33mm Photo No. = 1499 Time :14:38:01 ] WD=410mm  File Name = G1657 1 F Signal A= SE1 4

EHT = 5.00 kV Signal A = SE1 Date :30 Jul 2013 Mag= 989X EHT = 2.00 kv Date :23 Dec 2014 ﬁa

Mag= 101KX  EHT=1000KV Date :23 Dec 2014 Mag= 100KX  EHT=2000kV Date 5 Jan 2015 = ﬁaHOFAB
WD =340mm File Name = proform_g1_21if Signal A = SE1 t WD =300 mm File Name = conductive_dryflex_SRir@iiA = SE1 4 o

Fig. 25.(a) Charging plumes (in the background) at gun voltages of ~5kV in a PS sample
without gold coating (b) Low resolution images with low gun voltages (G1657) Extent of
poor replication with (c) Proform EVA and (d) C3 6068
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3.3 Results and discussion

The eae of fabrication and the replication quality could be factorized based on the
manufacturing of the samples and SEM imaging. From an ease of manufacturing
perspective, Proform EVA was the easiest polymer to work with. It has a higher melt index
and hence rowed good filling properties. Dryflex C3 6068 was the most difficult to
replicate. From the SEM images, it could be concluded that Kraton G 1657, 1645 and SMP
MM4520 had the most complete and perfect filling. Proform EVA showed plastic
deformation of almst 100 % during the demolding procdsg( 25(c) )which was also
partially evident with Dryflex T509 and T909.

Speckles were observed with the Thermoplastic Polyurethanes. This could be
because of the inherent phases in the polymer, or the phase separation occurring during the
molding process. Dryflex C3 6068 appeared to have poor filkigy 25(d)) in certain areas
accompanied by significant roughness. The smaller cap features appeared to be brittle,
which could be induced by the presence of carbon blackeVident roughness was clearly
due to the presence of carbon black. Some outgassing of volatiles could be predicted due to
the clouding of the Silicone mold. Dryflex TPEs (T509 and T909) were expected to have a
good potential to be used for microfluidids t the significantly high surface roughness
(Table 5), outgassing of volatiles and lower than expected optical properties were observed.
Based on ease of manufacturability and replication fidelity, Kraton G1657 would be the
material of choice followed biKraton G1645. SMPs can be an interesting choice which
allows for materials to be bonded when soft at elevated temperatures, and then turn rigid
when cooled.

A detailed roughness measurement analysis was also attempted. Zygo Optical Profilometer

was used fothis analysis. Some curvature was observed on some of the polymers, which
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would eventually disappear when in contact with another surface, but was an issue for the
roughness measurements. The roughness values were hegapiiffed depending on the
curvdure as the measurements would be absolute values without accounting for the
curvature(Fig.26). To account for the curvature, a surface profile fit Bfotder was used.

While other profiles exist, the curvature was inconsistent with varying materidls an
samples, hence a safer option was used. All the profiles confirmed to a flat horizontal

surface, after the profile remov@#lig.27).

21.140 ghid

Fig. 26. Surface profile for Kraton G1657, without curve fitting
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3D Plot

1.170 ghil}

Fig. 27. Surface profile for Kraton G1657,after curve fitting,

An average value of the average roughness was calculated across three different sites. Since
the kraton pellets are dusted pellets, aggregation of the dust could be obsesaeuptas
with improper mixing. The silica dust approximately contributed to a 3 fold increase in the

roughness for G1645. The average roughnegsv@Ries are tabulated ssTable 5.
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Table 5 :Average roughness valuesdiferentreplicated polymeréThe details of the
scans are as in Append®)

Material Average Rougnes:
(Ra)
nm
T509 15.86933
T909 127.4463
G1645M 4.064
G1657M 1.108667
MM 2520 5.949667
MM 4520 1.217667
C3 6068 64.2205
EVA Proform 2.505333
SiliconeMold 1.157667

The typical roughness was fairly minimal for Kraton SEBS, shape memory polymers and
EVA, while they are extremely high was Dryflex T909 and Carbon black filled Dryflex C3

6068. The extreme variations have been illustrated Rig)i28

nm
I+611.97

119,754 il
Fig. 28. T909 (Maximum Roughness)
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Fig. 29. Kraton G1657M (Minimum Roughness)

The optical proflometes cans doesnaodt require deposition
values are true representative of the absolute surface roughness. Also certain caps were
ripped or did not fill during the molding process, but no absolute judgement could be made
about themcomplete caps. The measurements were limited to the center of the clean fibers.
Kraton G165M demonstrates close to a perfect replication and hence would be the most
ideal choice purely on the basis of surface quality. Followed by G1657 was MM4520. The
suiface looked glassy, but the manufacturing process often leads to significant trapped

gasses.
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Table 6: Summary of results

Polymer

Molding
Parameters

Ease of
Fabrication
Replication

Quality

Notes

Kraton 200°C/30
G1657 seconds

++ +++

Best combination dilow and visual
appearance. High fidelity and ~100
roughness replication.

Kraton 200°C/30
G1645 seconds

Harder to flow than G1657, more
variation in surface quality. Polyme
pull back was observed during the
unloaded cooling process. The
quality of replication was close to
G1657 from SEM but very fine
speckles were observed under opti
profilometer. May beised in
applications with thermal assisted
bonding (details in chap 6)

SMP 215°C/60
MM4520 seconds

- +++

Very slow to flow and required
higher temperatures than all other
varieties tested. Some freckles we
observed underside of the caps. V¢
low surface roughness and a glass
appearance. Some air pockets wer
observed, but are due to the
manufacturing preess, and may be
eleiminated under high pressure
molding methods.

SMP 200°C/30
MM2520 seconds

Similar flow to G1645. Heavy
speckles were observed. The surfa
roughness was moderately high,
quite evidently from the phase
separation, which is also thheason
for the speckles.

EVA 160°C/30
Pr of or seconds

+++ ++

Extremely easy to flow and lower
temperatures can be used. Matte
texture appearance, but may be
visual scattering from the semi
crystalline polymer which makes th

67



material translucenthough the
replication quality looked smooth,
the fibers were plastically deformeg
more than 100% and bent in the
direction of peeling (from the mold)

Dryflex
C3 6068

200 °C/30
seconds

Significant polymer pull bacluring
coolingwas observecelastic
behavior. The fibers that remain
filled look good when imaged
through silicone but once demolde
show extreme damage and surface
roughness. Poor filling was also
observed in certain areas.cloudy
appearance of the silicone mold
occus within a few minutes of
demolding implying some release ¢
volatiles.

Dryflex
T509

200 °C/30
seconds

Similar flow to G1657, and appears
to fill well when imaged through the
mold, but has more adhesion to
silicone and surface roughness is
greater.The caps appeared very
wavy and the overhangs tend to te:
in a few locations.

Dryflex
T909

200 °C/30
seconds

Similar flow to G1657, and appears
to fill well when imaged through the
mold, but after demolding the fiberg
look more damaged and rougrhis
is a much stiffer elastomer than the
others tested and can be plastically
deformed during demolding. The
degree of light scattering in this
polymer is very temperature
sensitive (nearly opaque at high
T).Moderate pitting was also
observed. The surfacoughness wa
the highest amongst the polymers
tested.
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3.4 Conclusion

Though SEBS has been demonstrated as a favorable material for microfluidics, this
study reports the manufacturing feasibility of commercially available variants of SEBS and
a few other thermoplastic elastomers by manufacturing aggressive adhesive geometries of
the geckofluidic devicesdhile a few of the tested materials gave promising results, others
had chall enges which coul dndot be mdivelebi ct ed fr
polymers. Many of the data sheets donot explicitly state the additives added to the
polymers, which present challenges during the fabrication process. Release of volatiles and
oily residues were observed with a few materiadsile phase sepdran was observed from
the SEM images.

From an cumulative analysis and the ease of fabrication, G1657 was the most
preferred choice and G1645 , with a slight manufacturing difficulty and relatively higher

roughness, would be a close second choice.
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CHAPTER 4: FIBER DESIGN GUIDELINES

4.1 Introduction

While the synthetic Gecko adhesives hagnaccepeéd to befunction of van der Waals
forces, the discussion that ensues is how to emulate this adhesion. A significant number of
solutions have been proposed and different contact geometries have been experimented
with, a few of which were illustrated irFig. 19).Many plants and animals also exhibit
adhesion via microstructuring of their contact surface, but Gecko adhesion has become the
generic term to referende all microstructuring based adhesion systems. While a few of the
insects with flat mushroom contact achieve adhesion by the mix of van der Waals and
capillary forcef224], most synthetic versions have achigve by pure van der Waals

forces.

Fig. 30: Setae geometry on feetBpisyrphus balteatys fly. PL- End Plate;LuLumen
and DL- electron dense laydiReproduced froni225], TheRoyal Society]

Synthetic adhesivesan demonstrate as high as a HV? shear adhesion. Most of them

have been designed to demonstrate anisotropic adhesion, and rely on shear force loading of
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the fibres. Norangled fibres, depending on the tip geometry ea&hibit normal , shear
and/or mixed adhesion. Considering the application to microfluidics, a non directional
adhesive is desired.

Experimental studies were performed by del Camipal [226] towards identifying
the optimum tip shape for maximum adhesion. The study was performed on fiber radii
varying between 2.5 and 25um. The aspect ratio of the fibers was fixed at 1. A flat punch
geometry was set as the base for reference to compare the effect of the tip gesoietri
spherical end contact, a flat contact with filleted edges, a spatula overhang tip, a flat
mushroom overhanged tip and a concave tip were tebigd31). All geometries were

fabricated via photolithography in S&and then replicated in PDMS via an intermediate.

< [P [

Fig. 31 Fiber geometries tested for maximum adhesion strength.

The tests were performed using a sappbpleere with a diameter of 5mm, with a
constant retraction rate of 1unt.sThe flat punch reference geometry (10um) had a pull off
force of ~0.7mN for a preload of ~2.5mN. The round tip yielded at ~0.35mN for a preload
of ~2.25mN, while the spatula tip tha pull off force of ~6mN for preload of ~2mN. The
maximum pull off force however, was demonstrated by the mushroom shaped geometry at
~13.5mN for a preload of ~2.25mN. The adhesions strengths were proportionally lower for

larger diameter tips. The flaptwith fillet edges performed slightly poorer than flat punch
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geometry. After accounting for the effective contact area, the maximum adhesion strengths
reported for flat mushroom overhang structures were ~30 times of the flat punch geometry.
The authors igggested further studies to explain the better performance of the mushroom
shaped adhesives, which were performed by CarbbaH227]. The contact geometry has

also been correlated to the type of adhesion in bickbgystems by Gorlet al[224] a

reports that a spatula shaped contact is preferred in case of an active quick release adhesion
, and a mushroom shaped contact is the preferential termination element fderaong
passive adhesion.

The theoretical explanation into debonding mechanism shows that a flat punch
geometry and the mushroom shaped geometry have completely different debonding
mechanisms. The detachment mechanism for a flat punch geometry initiatesoaiteh
edge and propagates inwards, while for a mushroom shaped geometry, is vicé&igersa (

32 Idealized failure modésit also concludes thatithdetachment is independent of the
pillar di mensions and that the overhang does
the stress singularityF{g. 33(a),(c)) . The stress singularity is mitigated by an optimum
design of the cap thickness, if not, the singularity again appears at the outer edge of the fiber
(Fig. 33(d)). This work also proves that, the mushroom shaped fibers are also tolerant to
defects almost as large as 25% of the fiber diameter. In continuation with the efforts to
determine the perfect geometry, Carbebeal [228]identified that the cap aspect ratio and

the cap to neck ratio are the critical design aspects for achieving the best adhesion possible.
They also identified the optimum ratios to be,-0.2 for cap thickness to neckameter

ratio, and cap diameter to neck diameter ratio be pegged at greater than 2. The fiber aspect
ratio was shown to have some effect for cylindrical fibres by Greinat[190]. The pull

off strength increasdmearly with the pillar aspect ratio until after which they could buckle
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under self weight. While as per St.Venantos

have similar effect at a sufficiently larger distance, a very low aspect ratio fibed Wweul
lesser than that optimal distance, and may fail due to improper load redistribution.
Based on these optimized set of conditions, if we set the cap diameter to 100 pm, the

neck diameter should be less than 50um and the cap thickness shouldlaguril0

N Substrate N\ &Sub§trat§

Fig. 32 Idealized failure modg#\dapted from[227], with per'mission from The Royal
Society of Chemistry]

@ | ®) © | (d) |

Fig. 33. Stress distribution fofa) flat punch and Mushroom Capéb)thin, (c) optimum
and (d) thick [Adapted from[227], with permission from The Royal Society of Chemistry]
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Fig. 34: Geometry and geometric definitions for mushroom shaped micro fibers

4.1 Integration with microfluidics.

Extending the concept of dry adhesives to microfluidics can provide for a bonding solution
devoid of any surface treatments, clamps (incl. magnets), thesmpression bonding and

liquid adhesives. This can be worked out by creating a sweep of the bsigic geometry

to create a microfluidic channel wall. This gasket, will serve to hold the fluid in the desired
path at the same time provide a good adhesion to the contact substrate. The surroundings of
this gasket are populated with other primary adhesiectures which in tandem with the
gasket increase the reliability and adhesion strength (&8gin35). The work of these
supporting adhesive can be maximized when the adhesive is integrated with a rigid backing
layer. The rigid backing layer helps todestribute the point force / localizgaessure over

the surrounding fibres, thereby providing for a higher pull off force.

74



Fig. 35. A schematic layout of a geckofluidics device

The prime reason for failure of convertal microfluidic channels under pressure
driven flows is because of the stress singularity arising at the edge of the interfacing
geometry inside the channel, similar to the flat punch geometries. A simulation study was
performed in COMSOL, to study th&ress distribution in the gasket, and also to show the
effect of a rigid backingThis study builds up on a similar study undertaken on gecko
inspired adhesivg229] but extends it to the concept of Geftkalics.

A 3mm blister was modelled with 100 um gasket cap width and 100um adhesive
fibre cap diameter. The neck diameter at the lowestSascron at~40% height. While
these values are close to the idealized models, the geometry of the fiberdlis difiiginent
from the proposed models, owing to the fabrication feasibility, which is discussed in the
manufacturing part of this thesis. Elastomeric materials like PDMS or SEBS demonstrate

viscoelastic behavior and thus need to be modelled using hgptcphodels in COMSOL.
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A detailed experimental and FEA study has been performed by Ben Bsd228énin

order to develop numerical models for accurate material behavior. MoRngyn, 2™

order, & order and 5 order models were tried, and tH& &der model provided the best fit

for the values read from uniaxial elongation tests on Instron (300% displacement and more).

The values of Mooney Rivlin parameters determined for Kraton G1657 are

C1 (kPa) C2 (kPa) C3 (kPa) C4(kPa) C5 (kPa)

-69.5 532 3.49 58.8 -17.5

While further studies pertaining to cyclic testing were performed, they were beyond
the scope of the requirements for Geckofluidics, as the devices should ideally be for single
use or at best a few (<10 cycles), under which there is no degradation dicangni
variation of the material properties.

The FEA study was performed with triangular elements and an axis symmetric
boundary condition. Since the major focus was to show the stress distribution in the gasket,
a 2D geometry was used and the simulatias performed on a revolved extension of this
2D model. The cap of the fibres are the most stressed parts of the fibre, and are very small,
hencextrahi 6ed physics controlled mesh size was
based on earlier waorl229] was performed (See AppendlE). The maximum pressure
used in this study is 200kPa (~29psi) in order to compare all the models with a similar basis.
All the fibre boundaries ideally in continuum are boundétth a roller boundary condition
and the top surface of the cap was fixed. The stress values in the adhesives gaskets were
compared with rounded edge flat punch geometry gasket, under a case of 5 additional fibers

supporting the gasket.
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4.3 Results

20 um Mag= 688X EHT =20.00 kv Date :30 Oct 2015 T
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Fig. 36: SEM of the modelled adhesive fiber
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Fig. 37. lllustration of modelled geometry and meshing scheme
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