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Abstract 

Towards minimizing the cost of Micro Total Analysis Systems(µTAS) 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 the 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 doesnôt require the use of any solvents or glues or surface 

activation or application of high pressure and/or temperature and is achievable in a 

process which doesnôt require any additional equipment or add to the cost. It provides for 

a strong and reliable, reversible bonding technique, with bond strengths being on par with 

traditional irreversible bond strengths in elastomers.  

This work characterizes 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, and also 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 devices have been demonstrated for use for both pressurized 

and non-pressurized microfluidic systems against various substrates. 
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CHAPTER 1: INTRODUCTION  

 

 

Micro Total Analysis Systems (µTAS)  are miniature diagnostic tools often used for 

chemical and biological analysis. The key application areas include, life sciences 

research, drug discovery and environment and Point of Care (PoC) health diagnostics.  

Also referred to as Lab on a Chip(LoC), these systems can either be standalone systems 

with complete functionality to offer detailed quantitative results, or instant point of care 

qualitative results. Ideally, the complete systems may be hand held, but in certain 

circumstances, owing to technological limitations for detection systems, these systems, 

may be bulky, yet portable. Immaterial of the size, these systems utilize small sample and 

reagent volumes and provide rapid analysis of the input sample. A LoC device is a 

complex integration of miniaturized fluidics, sensors and electronics. A typical LoC 

device consists of a microfluidics chip, sample processing unit, sample flow control unit, 

a detection mechanism and a data analysis and output unit. All laboratory tasks like 

sample preparation, reagent mixing, flow control, sensing, and analysis are carried out on 

the chip, often without manual intervention. The underlying concept weaving together 

these individual systems is microfluidics. 
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Fig. 1. A typical  Lab on a chip device. The microfluidic chip 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< 1$.  [1] [Reprinted by permission of 

John Wiley & Sons, Inc.]   

1.1 What is Microfluidics? 

ñMicrofluidics is the science and engineering of systems in which flow behavior differs 

from conventional flow theory primarily due to the length scale of the systemò [2]. 

Microfluidics has also been referred to as a tool box for research and development in the 

fields of chemistry, physics, biology and material sciences [3]. It is a science of 

manipulating very small amounts of fluids in miniaturized channels (10-100s of microns) 

thereby offering ñcontrol of concentrations of molecules in space and timeò [4]. Since the 

typical sample format in µTAS systems are liquids like plasma or other processed 

biological samples, this thesis limits the context of microfluidics to Newtonian liquids.   

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

applications working at Re<1 and Re░░░░Ÿ0) [5]. 
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                     Ὑ
 

 
                           ééé.Eq. 1 

Where, ɟ is density of the fluid, u is the velocity of flow, ɖ is dynamic viscosity, ɡ is 

kinetic viscosity and DH is called the Hydraulic diameter, which is given by 

Ὀ                                                  ééé.Eq. 2 

Where, A= Area of cross section, and P is the wetted perimeter. 

The type of flow is often classified based on the value of Reynolds number. The flow is 

considered, 

¶ laminar for Re<2300 

¶ transient for 2300<Re<4000 

¶ And turbulent Re>4000 

 Hence, microfluidic flow is laminar and mixing is achieved 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, 

​Ͻ”ό π                      ééé.Eq. 3 

 

Where t is time and ɳ  ȟ , ) 

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

insignificant, the density can be assumed to be constant , implying, =0 . Thus, 

​Ͻό π                               ééé.Eq. 4 

 is the continuity equation for microfluidics flow regime. 
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The Navier stokes equation relates the velocity vector and pressure as, 

 

” όϽ​ό ​ὴ ʈ​ό Ὢ       ééEq. 5 

                            Inertia= pressure gradient+ viscosity effect+ body forces 

 

The inertial term includes unsteady acceleration effects,  and  όϽ​ό  is the 

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

For typical microfluidics regime, 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 variations in bulk flow are negligible. Thus, 

 

” ​ὴ ʈ​ό                   ééEq. 6 

While further simplifications may be introduced depending on specific conditions of 

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

 

The engineering aspect with microfluidics revolves around leveraging these 

inherent properties into developing optimized solutions and integration with other 

engineering domains. 
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1.2 Why Lab on Chip? 

LoC systems open up a whole new 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 

diagnostics [4].   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 often 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 waste is less 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  
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on the same analyzer Droplet microfluidics[6], microfluidic arrays/ matrices [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 sample [8, 9]. 

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 volume ratio (due to 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 plasmon resonance etc, can be 

easily integrated with microfluidic systems and demonstrate high sensitivities for small 

analyte detection [10, 11]. 

9. Low cost 

The advancements in microfabrication technologies can 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 

devices [12]. 

10. In tegration 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 makers identify any epidemic outbreaks [13] 

with logging of localized patient count. 
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With all the stated advantages, LOC diagnostic devices have the potential to be 

used for personalized diagnostics, point of care testing in emergency rooms or doctorôs 

office or hospital and most importantly in low resource setting and for global health, but 

the translation of academic research to commercialization has been challenging. Chin et 

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 

commercial success. A report by Research and Markets identifies the current in vitro 

microfluidics market to be worth 949.6 million in 2013 and predicts [15] 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 Biosite in 2007 and Epocal in 2009), Johnson & Johnson (acquired Amic in 

2008), and Hewlett Packard (Agilent- a HP company- microfluidics instrumentation).  

iSTAT was amongst the first commercially successful company. 

On the technical front, there are significant challenges associated at every detail in 

a lab on chip device. Many reviews on detection methods [16-18], reagent storage [19], 

sample preparation, separations, mixing and pumping [20-25] have addressed the existing 

techniques and challenges of each aspect. In this work, I 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.  
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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 material , 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 valves[29, 30] and 

hence recent developments have revolved around identifying other elastomers that can 

provide the preferred properties of PDMS, and at the same time be convenient for 

manufacturing. These materials are typically classified as thermoplastic elastomers. 

A microchannel patterned in a polymer needs to be interfaced with a MEMS, 

microelectronics, chemical sensors coated or blank chip in order to make a functional 

device. This bonding step is often complex and a low yield process. Typical irreversible  

bonding techniques like plasma bonding, thermo-compressive bonding, solvent bonding , 

though provide a good seal, often require external apparatus and chemicals which may 

sometimes be incompatible in the presence of pre-patterned biological reagents[31, 32], 

Reversible bonding techniques rely on simple contacting of two clean interfaces and the 

self sealing property of either of the polymers in contact, which has to preferentially by 

an elastomer. This bonding techniques is often too weak for a reliable operation of the 

microfluidic chip. Use of suction aspiration, magnets [33] and adhesive tapes [34] has 

been proposed to improve this bonding technique. 

From a cost analysis of a typical LoC device, the bulk of the cost may often be of 

the sensor, MEMS and Microelectronics components. While most of these components, 

except the polymeric chip, can be reused or regenerated [35, 36], the use of irreversible 

bonding techniques would prevent the reuse.  
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Hence to address all these challenges a strong yet reliable reversible bonding 

technique is desired. This work proposes a technique that relies on the integration of 

Gecko inspired adhesives with microfluidics. A brief insight into Gecko Adhesion will 

help us understand the solutions at hand. 

1.4 Gecko Adhesion: 

Geckos can stick to 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 

hierarchical structures present on the Geckoôs feet. The feet pads branch out into 

microscopic hair like structures called Setae, each of which in turn splits into sub-micron 

spatula shaped features. A single setae on a tokay gecko can generate upto 200µN force , 

with a cumulative maximum adhesion force per gecko foot being 100N (~10atm) [38]. 

Synthetic versions emulating gecko adhesion have been fabricated using microfabrication 

technologies.  
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Fig. 2. a) Hierarchical imaging of Gecko feet [Reproduced with permission from [39], 

Copyright © 2006, Springer-Verlag], b) SEMs of nanoscaled gecko-spatulae terminal 

elements [Reproduced with permission from [40], The Royal Society] 

1.5 Research objective: 

The underlying theme across this thesis is to develop low cost and mass manufacturable 

microfluidic chips. µTAS 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 technologies is 

cost. Inorder to achieve these objectives, minimizing the cost is critical, which can only 

be achieved, when mass produced with cheaper material alternatives and minimal 

instrumentation. One objective of this thesis is to explore thermoplastic elastomers for 

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 solution is validated by multiple 

conceptual application studies.  

A detailed material study follows a fabrication feasibility and replication fidelity 

study for thermoplastic elastomers in Chapter 3. Chapter 4 focusses 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 and improved development 

techniques. It also introduces the thermo-compressive molding technique and outlines a 

potential serial mass manufacturing technique using roller thermo-compressive molding 

process. Chapter 6 describes some of the proof of concept applications 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 to chip 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, which is the highlight of this thesis. 

This thesis tries to answer one of Dr.George Whitesides doubts as addressed in 

this discussion, 

ñ ñAs far as I know, every other polymer requires an adhesive,ò says Whitesides. ñUsing 

an adhesive in a system with 50-µm channels on its surface can be very challenging and 

may not lend itself well to manufacturingò.[26]ò 
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CHAPTER 2. LITERATURE REVIEW  

2.1 Material Selection for microfluidics  

While the origins of microfluidics trace back to the advent of microanalytical 

systems- Gas Chromatography, High Performance Liquid Chromatography (HPLC) and 

Capillary Electrophoresis (CE), the combination of microfluidics with the concept of a 

Lab on a Chip, as evident in modern context can be traced to the pioneering article by 

Manz in 1990 [41]The early microfluidic chips, were manufactured using 

photolithography and associated technologies, borrowed from traditional silicon 

microelectronics and MEMS fabrication techniques [4]. Hence, early devices were 

mostly manufactured in  silicon or glass. Subsequently polymer based microfluidic 

devices have been developed to address the short comings of silicon and glass based 

microfluidic devices, such as their opaque nature (in the case of silicon), high cost of 

manufacturing and challenges in bonding.  Polymers in contrast can be manufactured in 

many different ways other than with traditional lithography and potentially at costs low 

enough to permit disposable systems to be produced profitably. There are many factors 

which need to be considered in the process of material selection for microfluidics. An 

overview of these factors, based on general classification of materials for microfluidics, is 

discussed in Table 1 [42]. Apart from the inherent physical and chemical properties, 

properties such as ease of fabrication, scalability and cost also play a critical role. Hybrid 

devices, like silicon-polymer, glass-polymer and dissimilar polymer hybrids are fast 

gaining recognition towards integrating better separation, sensing and detection functions 

with an added ease of fabrication. Where most initial microfluidic devices were 

manufactured from a set of materials good from a microfabrication point of view (due to 

appropriation of existing infrastructure and processes), there is a greater trend now to use 
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the most appropriate materials for the desired application and develop the manufacturing 

techniques and integration tools to produce the appropriate microstructures. 

2.1.1 SILICON   

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 silicon for microfluidics [4, 43], modern LOC systems usually limit 

the use of silicon for MEMS-based sensing technologies. The quality of fabrication of 

microfluidic channels in silicon can yield the highest surface quality, due the crystal 

plane specific wet etching properties of crystalline silicon. The resolution, surface 

stability and solvent compatibility are the benchmark standards.  Unfortunately, silicon is 

opaque to visible light, making it incompatible with fluorescence detection methods, and 

its electrically conductive nature prevents its use with separation techniques like CE, 

which require high voltages across channels.  While 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 process.  Due to the 

impeccable manufacturing quality, silicon is used to aid in the rapid prototyping of molds 

for polymer based microfluidics using methods like injection molding and hot embossing, 

by providing high quality mold inserts [44-46].  Unfortunately, its relative fragility and 

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

2.1.2 GLASS 

Glass has been used in conjugation with silicon and other polymer as a sealing 

substrate and also independently used for LOC devices. With the added advantage of the 

best optical properties, glass can also by micro-machined using the silicon fabrication 
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techniques [47], and hence was preferred over silicon in optical detection based 

microfluidic devices. Though at a nascent stage, modern fabrication techniques using 

femtosecond lasers have enabled 3D micromachining in glass [48]. Capillary 

Electrophoresis (CE) has been a major application of glass based devices, because of its 

stable electroosmotic mobility on the surface [49]. 

Despite the wide acceptance of polymeric devices, glass and silicon still have a 

few advantages, like superior electrical customization feasibility, well defined and 

consistent manufacturing properties, which render them superior over other polymers and 

continue to be used for LOC application [50]. 
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Table 1. Overview of materials for microfluidic device fabrication.  

(Reproduced with permission from [42]. Copyright 2013 American Chemical Society) 

Property  Silicon/glass 
a
 Elastomers Thermoset Thermoplastics Hydrogel Paper 

Youngôs (tensile) 

modulus (GPa) 
130ï180/50ï90 Ḑ0.0005 2.0ï2.7 1.4ï4.1 Low 0.0003ï0.0025 

Common technique 

for microfabrication
b
 Photolithography Casting 

Casting, 

photopolymeriz-

ation 

Thermomolding 

Casting, 

photopolymeriz-

ation 

Photolithography, 

printing 

Smallest channel 

dimension <100 nm <1 ɛm <100 nm Ḑ100 nm Ḑ10 ɛm Ḑ200 ɛm 

Channel profile Limited 3D 3D Arbitrary 3D 3D 3D 2D 

Multilayer channels 
Hard Easy Easy Easy Medium Easy 

Thermostability  Very high Medium High Medium to high Low Medium 

Resistance to oxidizer 
Excellent Moderate Good 

Moderate to 

good
c
 

Low Low 

Solvent compatibility 
Very high Low High Medium to high Low Medium 

Hydrophobicity  Hydrophilic Hydrophobic Hydrophobic Hydrophobic Hydrophilic Amphiphilic 

Surface charge Very stable Not stable Stable Stable N/a N/a 

Permeability to 

oxygen (Barrer
d
) 

<0.01 Ḑ500 0.03ï1 0.05ï5 >1 >1 

Optical transparency 
No/high High High Medium to high Low to medium Low 

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 molding methods the ablated features usually 

have a rougher surface and are often misshaped. 

c) Excellent for Teflon.   ïd) 1 Barrer =10ï10 [cm3 O2(STD)] cm       
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2.1.3 POLYMERS FOR MICROFLU IDICS  

Polymers are macromolecular materials with multiple similar or 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 homopolymers, while those with multiple monomeric units are 

referred to as copolymers.  

Polymers have been used for microfluidics most prominently due to the lower cost 

for the materials and ease of manufacturability (depending on the specific polymer). The 

material and fabrication costs of microfluidic chip in polymers doesnôt necessarily vary with 

complications in design. Polymers also offer a huge range of properties and processing 

parameters to choose from. They can have excellent replication fidelity (down to 10s of nm) 

[51] and offer scope for rapid prototyping using larger features and technologies like 3D 

printing(smallest ~100nm) [52]. While the optical properties, high surface quality and 

chemically stable properties make silicon and glass highly desirable, very few microfluidic 

applications require that high a quality. Polymers also provide the flexibility of combining 

multiple properties of materials either via surface coatings, blends, or composite materials 

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

polymers themselves.  

To identify the most appropriate polymers for a specific microfluidic application, it 

is important to understand the properties of polymers. 
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2.1.3.1 Properties of Polymers 

From a manufacturing perspective, the important properties are as follows [53], 

¶ Glass transition temperature 

¶ Melting temperature 

¶ Coefficient of Thermal Expansion 

¶ Melt flow index 

¶ Hardness 

¶ Elasticity 

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

¶ 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) 

The temperature at which, during the cooling phase, rubbery state converts to a solid 

[54]/ glassy state is called the glass transition temperature. It is also the inflection point on 

the specific volume [54] or specific heat capacity [55] vs temperature curve for amorphous 

and semi-crystalline polymers. At this temperature a polymer loses its mechanical strength 

but can still retain its preexisting shape. The properties of the polymer radically change due 

to internal movement of the polymer chains. At and slightly above this temperature, the 
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polymers can be worked to form a new shape via embossing. Beyond the glass transition 

temperature, exists a temperature at which the polymer deforms and eventually melts. This 

temperature is referred to as the melting temperature. Processes like injection molding are 

carried out at this temperature. The polymer retains its chemical integrity until the melting 

temperature. At 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 parameter to determine the 

shrinking of the polymer after cooling down to the room temperature after manufacturing. 

Appropriate tolerances are decided to accommodate this coefficient. It is also an important 

parameter to be considered for thermal bonding. The melt flow index 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 of microfluidics via stamping processes.  

Electro-osmotic flow is the most common flow driving mechanism in Lab on a chip 

systems. Inorder to be conducive for this flow mechanism, it is necessary that the surface 

exhibit dielectric properties to create a surface charge rather than being electrically 

conductive. The surface charge varies with the material, and mode of fabrication of the 

channel in that material [53]. The surface energy, which governs the hydrophobicity or 

hydrophillicity of the material, dictates the flow regime in the microfluidic devices. It is also 

important to note that hydrophobic surfaces tend to adsorb proteins and other analytes [56] 

from the solution in the channel. Depending 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 device [57, 58]. While other visible colorimetric methods 

are also used, one of the most prevalent forms of detection systems for Lab on a chip 
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systems is often fluorescence detection. This requires that the microfluidic devices have 

good optical properties, especially low auto 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 properties, especially thermal properties, as these properties dictate the 

manufacturing. Based on physical properties, polymers are classified as, 

1. Thermosets and 

2. Thermoplastic materials 

3. Elastomer 

 

Thermoset polymers have covalently bonded polymer chains which produce a 

crosslinked matrix. These covalent bonds prevent melting of the thermosets, and generally 

increases solvent and temperature tolerance over thermoplastic materials. These polymers 

can soften and reflow, initially, but in the due process of crosslinking, form an infusible 

solid [59].  Eg: Thermoset Polyesters  Polyurethane Methacrylate (PUMA), Norland Optical 

Adhesive 81(NOA), Polyimides,  etc 

Thermoplastics are polymers which have polymer chains held together by 

intermolecular forces. These polymers soften at glass transition temperature and melt at 

melting temperature, and can be repeatedly shaped into products without significant 

degradation. They can be processed for large scale manufacturing on tools like injection 

molding and hot embossing.  Eg: PMMA, COC, PC 

Elastomeric materials have weakly cross-linked polymer chains, which can regain the 

original state after removal of an external stress. These are also referred to as rubbers, and 
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demonstrate extreme elastic extensibility, some even as high as 1000% of original lengths, 

even under low mechanical stresses [59]. They have a low Youngôs modulus and a high 

yield strain. Elastomeric polymers include both thermosets and thermoplastics, which can 

be either naturally occurring or synthetic polymers. 

There is a class of thermoplastic polymers called Thermoplastic elastomers (TPE), 

which is often overlooked for microfluidic applications. Thermoplastic elastomers exhibit 

the temperature dependent properties of thermoplastics, at the same time have the rubbery 

mechanical properties of elastomers. Thermoplastic elastomers have multiple temperature 

based transition points. A perfect definition of glass transition temperature for TPEôs is 

debatable [60] , due to glass transition temperatures of the individual polymers in the TPE 

[61], which dictate the net behavior. Thermoplastic elastomers are of three types, 

1. Block copolymers  

2. Rubber/plastic blends 

3. Dynamically vulcanized rubber/plastic alloys, called thermoplastic vulcaisates [62] 

Styrenic Block Copolymers are discussed in detail in chapter 3 of this thesis. 

Thermoset Elastomers have been the most popular choice of materials for 

prototyping and research in the field of microfluidics. They are flexible and offer the 

temperature stability of thermosets. They are thermally stable over the range of operations 

of most LOC applications. Natural rubbers [63], Silicones and polyurethanes[64] are the 

family of polymers which have traditionally been used for elastomeric microfluidics. Other 

polymers like, perfluoropolyether (PFPE) [65-67], also referred as liquid Teflon, 

Fluorinated-Norbornene [66, 67], perfluorined Silicone (PFPE SIFEL) [68, 69], 

Fluorocarbon Rubber (FKM), commonly known as viton[70] 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 choice for microfluidics. It is a synthetic polymer, which was invented by 

M.K.Chaudhury at Dow Chemicals [26] and first adapted for microfluidics by the George 

Whitesides group. It offers very good optical and gas permeation properties and has a well-

informed bio compatibility [71], and can be rapid prototyped with a sub 0.1µm fidelity [72]. 

It also exhibits a low surface energy which helps in the easy demolding from the master 

molds. The rapid prototyping argument is valid when compared to the then existing 

microfluidics fabrication technologies in silicon and glass. The relatively low cost and the 

simplicity of fabrication, especially without the requirement of high cost apparatus makes it 

quite attractive. The ease of multi layer device fabrication also helps reduce the foot print of 

the typical devices. PDMS also allows for multimaterial composites inorder to add electrical 

[73] or magnetic [74] functionality to the polymers  

Protein adsorption, oligomer leaching and water vapor permeability have been some 

of the drawbacks of PDMS, and have been addressed by surface modifications and coatings 

[75-77]. Problems concerning pressure induced deformations have been have repeatedly 

come to the fore ,but considering that most common driving modes appear to be non-

pressurised systems, it could be deprioritized. IBM developed a high modulus variant of 

PDMS, referred to as h-PDMS (hard-PDMS) [78], which could help limit these 

deformation. Also, Inglis proposed to sandwich a thin layer of PDMS between two rigid 

materials like glass [79] inorder to drastically reduce these deformation.   Being an 

elastomer, it also supports the integration of microvalves, [29, 30, 80-82] 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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actuations [29]. While PDMS has been largely successful in academia, partially owing to 

the lack of competing materials, its drawbacks as a large scale manufacturing material are 

well established [26, 28].    

Table 2: Comparison of properties of PDMS, TPE and hard thermoplastics (TP) materials 

properties for microfluidic technology  [Adapted from [83],  with permission of The Royal 

Society of Chemistry] 

 

 

 

 

 

 

 

 

 

 

 

2.3.3.4 Thermoplastic Elastomers for microfluidics 

Thermoplastic Elastomers have only recently found application for microfluidics, 

with the earliest publication in 2005 [84], while they were demonstrated for use for 

microcontact printing a little earlier in 2003 [85].  The recent and more elaborate push for 

the use of TPEs has been by the Posner Group at University of Washington and The Veres 

group from Industrial Materials Institute, National Research Council, Canada.  

TPEs provide an alternative to PDMS and also facilitate true rapid prototyping via 

melt processing, like the thermoplastics. They also address the issues of lowers Youngôs 

Property PDMS TPE TP 

Optical 

transparency 
++ + + 

Young modulus 
0.1ï5 

MPa 
1ï100 MPa 1ï10 GPa 

Thermoforming 

cycle 
very slow fast fast 

Gas permeability high moderate low 

Cost ($/Lbs) 10ï50 0.1ï5 0.1ï5 

Reversible 

bonding 
+ + impossible 

Irreversible 

bonding 
+ ++ ð 

Resolution 50 nm 
10 nm - 100 

nm 
10 nm 

Ease of de-

molding 
++ ++ ð 
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modulus, low tear strengths and protein adsorption of PDMS. 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 do not require the expensive tooling of 

thermoplastics or the long curing hours of PDMS. 

   Sudarsan et al. have demonstrated the biocompatibility studies with SEBS [84], 

while Borysiak et al. performed cell culture, surface stability, absorption and optical studies 

with SEBS [86]. Geissler et al. demonstrated patterning of DNA arrays on Versaflex CL30 

[87], which is another styrenic block copolymer, and performed analysis by fluorescence 

intensity read outs. Sudarsan et al. demonstrated dean flow induced hydrodynamic mixing 

in SEBS microchannels [88]. Borysiak et al. performed detailed zeta potential 

measurements [89] with and without plasma treatments on SEBS and demonstrated it to be 

compatible for electrokinetic applications like isotachophoresis and loop mediated 

isothermal amplification (LAMP) for nucleic acid detection [90]. While there are a few 

other polymers available with similar properties, SEBS remains the most well characterized 

and most preferred thermoplastic elastomer for microfluidics. 

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 varies with the 

scale of fabrication. Since silicon and glass were the pioneering materials used in the early 

development of microfluidics, few of the techniques have been extended without or with 

minimal modification for fabrication in some polymers. A brief discussion of the processes 

is discussed in order to get an insight into polymer micromachining for microfluidics.  



  

16 

 

 2.2.1 PHOTOLITHOGRAPHY  

Lithography is the technique of writing unilateral 3D structures or patterns on 

substrates using radiations. Depending on the type of of radiation, lithography can be 

subdivided into photolithography (visible Light or UV), X-Ray lithography, electron beam 

(e-beam) lithography, and ion beam lithography [2]. There are two aspects to lithography, 

firstly, the resolution of the images on the substrate, and secondly ,registration (alignment) 

of the pattern [91].  The process involves coating the required surface with a radiation 

sensitive coating, called a resist, which upon exposure to the radiation, will undergo 

chemical changes, and thereby in a development process yield the structure or pattern. The 

lithography process involves either the use of a mask to incident patterns on the substrate or 

a computer controlled source guide (in a direct writing process). Mask based 

photolithography also proceeds as two options, contact exposure and projection exposure. 

Projection exposure (non-contact exposure) uses optics to allow for reduction in feature 

sizes, thereby improving resolution over traditional contact lithography.

 
Fig. 3 Photolithography with a) positive resist b)Negative resist 

.  Spincoat Positive PR                        UV Exposure      Development 

  Spincoat Negative PR                        UV Exposure      Development 
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2.2.2 DEPOSITION  

In order to create metal or metallic alloy films, deposition techniques are used. These 

additive processes and can be classified into two main types, Chemical Vapor Deposition 

(CVD) and Physical Vapor Deposition (PVD). CVD involves creating a surface reaction of 

gaseous reactants on the substrate in order to form a solid film. PVD involves removing a 

target material from the source and depositing it on the substrate. This is done either by 

evaporating the metal, and 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 substrate (a process known as sputtering). The cross-linked 

photoresists used for patterning the metal is removed by a stripping process involving resist 

specific organic solvents. 

2.2.4 ETCHING  

Etching is a subtractive process, involving removal of either the substrate or a target 

material. While physical dry etching involving ions, photons and electrons exists, Etching in 

practice is generally a chemical process. It involves identifying appropriate chemistries to 

react with the material across a passive resist. Wet etching involves immersing 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 dry etching. Physical-

Chemical etching processes like Reactive Ion Etching are the some of the commonly 

employed etching methods. They involve creating ions of reactive gasses, which under low 

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

2.2.5 SOFT L ITHOGRAPHY  

Soft Lithography is an umbrella term used to refer to a large number of processes like, 

replica molding (REM)[92], microcontact printing (µCP)[93],  microtransfer molding[94], 

micromolding in capillaries (MIMIC)[95], Solvent assisted micromolding (SAMIM)[96], 

Phase shifting edge lithography[97], nanotransfer printing (nTP) [98] and nano skiving [99]. 

It is preferred over other methods as it requires minimal skills, and no major 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 via other micromachining techniques either in Silicon 

or Glass or other polymers. While any compatible polymer may be used, the typical 

fabrication is carried out with liquid prepolymers like 2 or 3 part elastomeric pre polymers, 

epoxies or dissolved thermoplastics. Depending 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 non-toxicity. Feature sizes as small as 50-100nm may be fabricated with PDMS [100]. 
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.  

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

This molding process along with replica molding forms a part of the basis of the 

fabrication process in this thesis. Hence only replica molding is explained. 

Replica 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. Molding of PDMS against PDMS 

requires a silane surface treatment, in order to avoid fusion.  

The molding and replica molding are simple processes, but require considerabole time as 

the curing rates for different polymers vary and are often a few hours at elevated 

temperatures to a few days at room temperature.  

2.2.6 POLYME R MACHINING  

2.2.6.1 Micro-milling and Laser Machining 

Subtractive machining processes like micro-milling and laser micromachining are 

some of the most common machining methods used with polymers. These are most 

effective with rigid polymers. Micromilling involves use of precisely machined milling 

                

Pre polymer mix pouring Curing Inverse Replica /Stamp 

Pre-polymer mix 

Cured Polymer 
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tools ,available for feature size up to 5 Microns(http://www.pmtnow.com/end-mill/micron) 

to remove materials from a stock piece. With this small the dimension of the end mills, 

handling and machining is a very delicate operation.  Micro-milling machines employ 

computer numeric controls (CNC) which automate the process, thereby improving 

repeatability and precision. The designs are fed to the machine as G-codes. Alternately, the 

designs can be created on a designing software like AutoCAD, and fed to the machine via 

software like MasterCAM , which convert the designs into G-codes. Most operational issues 

arise out of tool failures, but adequate chip building measures can ensure reliability [101].  

Laser machining is another important tool for microfluidics chip fabrication. 

Different forms of lasers sources offer different wavelengths and thereby a range of 

minimum resolutions. Shorter wavelength lasers can produce smaller features. Short 

wavelength lasers include UV (266-355nm) and excimer lasers, while Nd:YAG (1064nm) 

and CO2 Lasers (10.6µm) offer higher wavelengths. The fabrication involves focusing a 

laser beam controlled on an X-Y stage. The energy associated with the laser point breaks 

down the polymer chains in the focused region which when continued along X and Y can 

produce suitable structures. The nature of breaking these bonds varies with respect to the 

laser source. The contactless manufacturing offers rapid and repeatable manufacturing 

without the concern of tools wear. Lasers have also been used for surface modification via 

surface micro-structuring or chemical grafting. Malek published a two part extensive review  

on the use of lasers for bio-microfluidics [102, 103], which also covers at length the 

principles of laser machining 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 lasers.  It 

offers relatively quick machining times and can be used for machining thermoplastics [104-
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106] or PDMS [107] or even thin metal [108, 109].The results are particularly good with 

PMMA due to its high absorbance in the IR with low heat capacity. Laser machining in 

glass is challenging due to poor thermal conducting properties of glass compounded with 

brittleness, which risks inducing microcracks, and thereby also high surface roughness. 

Thus high energy low exposure times are required, which are feasible with UV, Nd-YAG or 

Ti:Sapphire with nano[110] to femto-second exposures [111]. 

The features produced by both micro-milling and laser machining generally have 

significant roughness and are avoided for optics based microfluidic sensing devices. The 

micro-milled features are generally orthogonal, 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 for the ease of fabricating multi height devices in a single run. Nano-

femtosecond laser based manufacturing reduces the extent of roughness significantly. These 

processes can be combined with electroforming techniques to manufacture molds for other 

fabrications processes like hot embossing or injection molding. 
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Fig. 6. Micro end mill tool images: (a) optical image showing all sections of a tool,            

(b) SEM image of the cutting end of an end mill, and (c) SEM image of a corner of the tool. 

[Reprinted from [112], with permission from Elsevier] 

 

Fig. 7. (a) Micromilling machine (Image courtesy: Minitech Machinery Corporation)           

(b) SEM of an end mill in comparison to a leg of an ant .(Photo courtesy of Texas A&M 

University- via Permormance microtools) 

(a) (b) 
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2.2.6.2 3D Printing 

3D printing of microfluidics is the most recent addition to the list of manufacturing 

technique for microfluidics. Stereolithography is a form of 3D printing, wherein a focused 

beam of light (mostly UV) produces arbitrary 3-d shapes based on a CAD file input, in a 

polymer from a photoresin precursor, held on a controlled receding pedastal. 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 Display (DMD) Technologies. To create 

channels, the channel walls are polymerized by light and the uncured resin is drained [113]. 

forming the channel. Integrated valves with microfluidics have been created via 

stereolithography [114]. 

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 equipment and the polymer. Most of the low to medium cost printers suffer from poor 

resolutions, while the high end systems could cost as high as $100,000-125,000. OôNiel et 

al. [115] have briefly discussed the advancements in  stereolithography for microfluidics 

and cite that the 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 the scale for use in microfluidics. The technology is still at a 

nascent stage to be adopted for mass manufacturing and can be promising with 

advancements in polymer sciences. For now, 3D printed molds can be used as templates for 

complex microfluidic geometries.  
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Fig. 8. (a) Conceptual layout of a 3D printing setup (A) DLW concept (B)DMD concept 

[Reprinted with permission from [116]] (b) an integrated valving unit integrated with 

microfluidic system manufactured via 3D printing [Reproduced from [114], with 

permission of The Royal Society of Chemistry]

 While none of these processes, under polymer machining are ideal for large scale 

manufacturing, they are great tools for early developmental stage, which requires significant 

design iterations.  

2.2.7 POLYMER THERMO -FORMING  

Thermoplastic polymers have the potential to be thermo-formed into required 

geometries and structures, via processes like injection molding, hot embossing, injection 

compression molding and thermoforming. Thermo-forming 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 vary with different machines, and complexity of the molds.  

(a) (b) 
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2.2.7.1 Injection molding 

Injection molding is a variotherm process [117] involving cycling the mold 

temperatures between above and below glass transition temperature of the polymer. The 

mold cavity houses a microfabricated mold insert. For the process, the cavity is closed and 

evacuated, and the mold is heated before 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 the solidified structured polymer is ejected. Metering size and hold times have 

been shown to have the most significant effect on the molding quality, based on DOE 

experimentation by Zhao et al. [118].  Some of the other important parameters are, mold 

temperature, injection speed, injection pressure and melt temperature. Fig. 9(b) shows the 

variation of pressure and the temperature (as described by International Standards 

Organization (ISO) 294-1:1996 protocols) and the process layout (Fig. 9 (a)) [119]. 

Microinjection molding is the mostly commonly used method for large scale 

fabrication of microfluidic devices and the fabricated chips could cost only a few pennies. 

Submicron and high aspect ratio feature sizes are achievable. Despite the low 

manufacturing cost, the capital costs often run into 6-7 figure amounts. While the process 

could be outsourced, most commercial injection molding contractors operate away from 

clean rooms, while fabrication of these devices requires operating in a dedicated clean room 

facility, which again adds to the cost [120]. 
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Fig. 9.(a) Schematic of Injection Molding Process flow (i) Polymer loading in the nozzle (ii) 

Clamping (iii) Polymer injection followed by cooling (iv) demolding) [Adapted from [119]]  

b) Pressure-Temperature Diagram for Injection Molding (Partially adapted from  IS0 294-

1:1996(E ))  

i) ii) 

iii) iv) 

(a) 

(b) 
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2.2.7.2 Hot embossing 

The variation between injection molding and hot embossing arises out of the state of 

polymers being introduced into the molds for structuring. Hot embossing uses a solid 

thermoplastic polymer sheet, which is pressed into with a micro-structured mold insert at 

the glass transition temperature. After cooling the mold opens and the molded part is 

ejected. A pressure and temperature relationship over the hot embossing process cycle [121] 

and schematic process layout is as in Fig. 10 [119].  

Modifications to the embossing process, through the development of roll to plate 

and roll to roll hot embossing have made possible series mass manufacturing of 

microfluidic/ microfabricated systems. In these processes unlike regular hot embossing, the 

temperature of the imprinting roll is set to be higher than Tg while the holding roll/plate is 

held at below Tg. The stamps are fabricated on thin sheet of electroformed metals (generally 

Nickel) or in polymers and wrapped around rollers embedded with heaters. The roller scan 

speeds are very low (of the order of 0.1-2mm/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 from their detailed scanning mechanical microscopy 

analysis that the quality of structures produces via either injection molding or hot 

embossing is completely identical.  
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Fig. 10.(a) Schematic of Hot Embossing Process flow[Adapted from [121] ] b) Pressure-

Temperature Diagram for Hot Embossing. [Adapted from [119]] 

Heating Molding--

Cooling 
De-molding 

(a) 

(b) 
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2.2.7.3 Mold insert fabrication  

Molds for injection molding and hot embossing can be fabricated via,  

1. LIGA or DEEMO 

2. Micro-Electro Discharge Machining (µEDM) 

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 micromilling or laser ablation can be 

fabricated at low cost but are of inferior quality. Molds fabricated via photoresists are 

generally for small batch fabrication. 

The LIGA and DEEMO process of mold fabrication is used for very high quality 

molds. LIGA is a German acronym for Lithography, Electroplating and Molding, while 

DEEMO stands for Dry etching, Electroplating and Molding [124][45]. For the LIGA 

process, a thick film resist is photolithographically patterned using X-ray synchrotron 

radiation. The resists is developed and then electroformed generally with Nickel or Nickel 

alloys. This electroplated template can be used for molding [124]. In the DEEMO process, 

instead of using a thick film resist and the hassles of specialized X-ray lithography, a thin 

film resists is patterned on silicon, followed by DRIE to achieve the high aspect ratio 

features. The etched wafer is then subjected to electroforming with Nickel or its alloys to 

yield the required template for molding [45].  

The proposed fabrication process, in the following chapters, gets rid of the need for 

these expensive mold inserts and the huge and expensive tools. Adding to this cost saving, 

the fabrication process requires little to no time in a very rapid manufacturing technique. 
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Fig. 11 Mold inserts fabricated by different processes: (a) milling with a CNC machine, (b) 

laser-manufactured tool with different surface roughness, (c) x-ray lithography and 

electroplating,(LIGA) (d) silicon etching (courtesy of Jenoptik Mikrotechnik GmbH), (e) 

photolithography with SU8, and ( f ) electric discharge machining (courtesy of Institut f¨ur 

Mikrotechnik Mainz) [125] [© IOP Publishing.  Reproduced with permission.  All rights 

reserved]. 

a) b) 

c) d) 

e) f) 
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2.3 Bonding of Microfluidics  

In order to yield a functional device, a 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 process [126, 127]. The bonding operation may also include 

providing an interface for chip to world interconnection. It is important to first identify the 

scope of bonding. A bonding operation should seal a channel so that the fluid sample is in 

the control region for any of the fluidic driver modes, prevent external reagents from cross 

contaminating, support integration of sensing mechanisms and minimize dead volumes for 

interconnections.  

Bonding of silicon and glass substrates can be equally as challenging as the 

fabrication process itself. Anodic bonding is the most common method used to produce 

hermetic seal between silicon and glass. This process involves heating both the surfaces to 

temperatures of 300-600°C and a high voltage is applied between the two surfaces, between 

200-2kV. The surfaces must be very smooth (Ra~5nm) for this process to work and the 

bonding occurs due to high electrostatic fields. In chemical terms, a thin oxide layer (Si-O-

Si) formed at the interface holds the both the surfaces together. The high temperatures and 

extreme requirements of surface roughness make this process difficult to integrate with 

metal electrodes and temperature sensitive materials. 

Bonding of polymers can be achieved by many ways, by exploiting either physical 

or chemical properties. External fixtures and adhesives may also be used can also be used 

depending on the desired bond strength. Bonding can primarily be classified as reversible 

and irreversible bonding. This classification is based on the type of failure mechanism. An 

adhesive failure identifies a reversible bond whereas a cohesive failure at the interface is 
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considered an irreversible bond.  Irreversible bonding exhibits high adhesion strength and as 

the name implies is a process used for  substrates to be permanently bonded, whereas 

reversible bonding are low strength bonds and is preferred for low pressure systems.  

2.3.1 IRREVERSIBLE BONDING METHODS  

2.3.1.1 Surface activated bonding 

 

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

Bonding between low surface energy surfaces can be challenging [128], thus 

increasing the surface energy helps to improve bonding due to higher electrostatic 

interactions and creation of hydrogen or covalent bonds [127]. 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 interface or grafting new polymers / free radicals at 

the interface. Both these approaches can be achieved with different methods and sources. 

(a) (b) 

PDMS 

Glass 
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 The widely accepted standard procedure for irreversible bonding of microfluidics 

made from PDMS is plasma activated bonding. This process involves creating functional 

groups at the surface using plasma. Various gases like Ar, Ne, He, NH3, CO, CO2, H2O, N2, 

NO2 and F2 can be used [129] , but O2 is the most prominent source for bonding of PDMS 

against PDMS, Glass or silicon. Activation via O2 entails creation of a silanol group at the 

interface. PDMS has repeated -[O-Si(CH3)]- units, the surface molecules of which shed a 

methyl group and a silanol group (-OH). When the two activated surfaces are brought in 

contact, being polar compounds, the silanol groups of both the surfaces react to form an 

interfacial Si-O-Si, after dropping a water molecule (Fig.9(a)). Bhattacharya et al., 

performed detailed parametric studies of PDMS-PDMS and PDMS-Glass bonding and 

reported a maximum bond pressures of PDMS-Glass bonding to be 74±2psi, which was 

tested via a burst pressure test similar to the one reported later in this thesis [130]. Bonding 

against other surfaces may proceed via different activations, some of which may use a 

mixture of gases [131-133]. Apart from specific gases, vaccum and atmospheric air have 

also been used as sources for plasma generation.[134-136]. Similar plasma based techniques 

in context with thermoplastics, have also been discussed by Tsao et al.[127]. Bhattacharya 

et al. [130] also tested a few sources of plasma generators, namely, Inductively Coupled 

Plasma Reactive Ion Etching (ICP-RIE) and Plasma Enhanced Chemical Vapor Deposition 

(PECVD) and concluded to also have effect on the bond quality. Based on recent articles, 

Harrick Plasma cleaner is one of the most common cleanroom plasma generator (Fig 9 (b)). 

UV exposure dose also aides the bonding process by activating the surface, 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 temperatures [137]. 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 a high surface energy interface [138]. 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 form a strong 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. Roy et al. demonstrated photo grafting of 2-hydroxyethyl 

methacrylate via UV in COC [139]. Beh et al. demonstrated that a treatment of PDMS 

interfaces in Methacryloxypropyl-trimethylsilane (MAP-TMS)+NAIO4+Methanol followed 

by UV exposure intiates a polymerization reaction on the surface and thereby bond 

together[140]. Bonding PDMS to surfaces which cannot be activated via plasma or UV 

treatments requires activation via chemical grafting. This requires treatment of the substrate 

to be bonded to PDMS,  with ómercaptosilaneô via immersion for 1-5 min, followed by 

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 minutes to achieve an irreversible 

bond [141].  

2.3.1.2 Thermal bonding 

Bonding of thermoplastics usually takes the route of thermal bonding. Unlike for 

elastomers, bonding of thermoplastic arises out of molecular entanglement. Since these 

materials can be processed at Tg at the same time maintain the maintain the channel 

integrity, thermal bonding involves fusing the substrate and the device using a high pressure 

at this temperature. This technique is best adapted when both the device and the substrate 

have been heated to similar temperature and are preferably of the same material. The 
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bonding temperatures can be reduced to below Tg by surface activation via UV or corona 

discharge treatment [137, 142]. Thin film lamination is a modern thermal bonding technique 

and offers quick bonding times compared to traditional techniques [143]. 

2.3.1.3 Localized Welding 

 

    

Fig. 13.(a) Ultrasonic bonding Schematic of the bonding principle. The energy director 

material is contained within the groove resulting in no added height. [Adapted from [144], 

with permission from The Royal Society of Chemistry] (b) Cross-section of a 500 µm 

square microchannel in PMMA sealed by ultrasonic bonding, with deformed energy 

concentration structures evident on either side of the channel opening[Reprinted from [145], 

Springer 2006] (c) Ultrasonic Bonder Unit (Branson 2000X) 

 

(a) 

(b) 

(c) 
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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. The most common 

method under localized welding is Ultrasonic bonding. Ultrasonic bonding involves 

localized heating of the interfacial surface, using ultrasonic vibrations. This process requires 

using energy directors [144]  to focus the energy of ultrasonic vibrations into a specific 

bonding zone. The temperatures rise up in these zones, creating a melt flow and under 

pressure, form a localized seal. There 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 energy [146]. Truckenmuller et al.  

first introduced the concept of ultrasonic welding to microfluidics[147]. This required 

designing the energy directors to run parallel on either sides of the microchannel.  The 

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 line. Thermal and solvent assisted ultrasonic 

bonding techniques have also been proposed, which donot require the energy directors [148, 

149]. 

 Another form of localized welding is microwave bonding. This technique involves heating 

the interface surface 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 weld. Full 

interface deposition of metal [150] or selective masked deposition [151] may be pursued. 

This process can be performed in commercial microwave unit [151], 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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2.3.1.4 Solvent bonding 

 

All thermoplastic polymers are soluble to some degree in organic solvents. the 

solubility of a polymer is given by Hildebrandt parameter (ŭ). For amorphous non-polar 

polymers, if the ŭ value of a polymer and solvent are similar or close, the molecules of both 

materials readily coexist, and therefore the polymer can easily dissolve [152]. For 

amorphous polar polymers, Hansenôs theory  is used, which accounts for other forces in the 

bond, the permanent dipole-permanent dipole forces and the hydrogen forces, apart from the 

london dispersion forces as with the standard Hildebrandt parameter [153]. Though these 

approaches are effective, there is still no understanding of 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 creates exceptionally strong 

bonds but requires significant care to prevent any damage to the channels. Umbrecht et al.  

demonstrated a peak bond strength of 7.8±1.0MPa with a 9.2±2.3% deformation , measured 

via an tensile pull-off test on Instron, in PMMA substrates bonded by Ethylene glycol 

dimethacrylate solvent [155]. Kelly et al. realized the maximum bond strength to be 

15.2MPa by applying internal pressure, in PMMA substrates bonded via acetonitrile [156]. 

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 vapor based bonding techniques for bonding of 

PMMA and COC [157] have shown to minimize crazing.  

2.3.1.5 Adhesive bonding 

Adhesive bonding introduces a new material between two structural materials 

specifically for adhesion enhancing properties. Adhesives 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 interconnections. Norland Optical Adhesives (NOA), a 
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brand of UV curing adhesives, are a popular choice due to their optical properties like low 

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

mechanical properties after curing [158]. Using liquid based adhesives risks the channels or 

other systems getting clogged during application, and this possible loss of micro-sized 

features is the biggest challenge when working with curable adhesives. Modified forms of 

applying adhesives, similar to the inking of stamps [159], have been used to minimize the 

feature loss, but are successful under specific applications with moderately wider channels. 

Arayanarakool et al. demonstrated the application of UV curable adhesive using rollers to 

demonstrate bonding of microchannels as wide as 20µm without any contamination [160]. 

Adhesive bonding in context with microfluidics doesnôt necessarily limit to using an 

adhesive solution. Using semi-cured polymer substrates of the similar polymer as that of the 

patterned substrate eliminates a lot challenges associated with liquid adhesives, except that 

it is limited to curable polymers and is not compatible with heterogeneous material bonding. 

Tuomikoski et al. demonstrated this concept with SU-8[161], while functional PDMS based 

devices bonded via the partial cure method have been demonstrated by Eddings et al. [162] 

and Sang Go et al. [163] . Sang Go et al. also characterized an optimum ócure ratioô for the 

maximum bond strength.  Thermoset Polyester, Polyurethane methacrylate and NOA have 

been stated to adopt a similar semi-cured polymer based bonding process [164]. 

Complementary polymer grafting / coating aided bonding has sometimes also been referred 

to as adhesive bonding [165]. 

2.3.2 REVERSIBLE 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 forces could potentially affect the performance of the chip. 



  

34 

 

Though not desirable for a commercial system, it is the most preferred choice of bonding in 

research environment as it allows for repeatable bonding trails for proper alignment and 

temporary sealing. Apart from being used for bonding of prototypes it is also used for 

patterning of micro electrodes, cells and other bio-molecules. 

2.3.2.1 Bonding by self-adhesive property  

Elastomeric materials like PDMS can be bonded to various other substrates like 

silicon, glass or itself by creating a simple conformal contact with the required substrate. 

This bonding is facilitated by van der Waals forces and can support up to 5psi of fluid 

pressure [130]. Electrostatic charge based bonding has been demonstrated for bonding of 

Rigiflex PEG-DA mold with gold or silicon substrates to create nano capillaries. The 

electrostatic charge was generated by mechanical friction due to peeling of the PEG-DA 

film from a silicon master.[166].  

 Adhesive property based bonding can be leaky even with flow rates as low as 1 

µl/min [167] .To support any pressures and to ensure leak proofing, external gripping 

sources like patch clamp have been suggested[167]. 

2.3.2.2 Sealing by active sources 

Bonding by aspiration method involves 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 the vacuum, while the net suction cup effect and the material 

stiffness help hold the microchannel against the bonded surface [168]. Releasing the 

vacuum allows easy removal of the device. This concept can be implemented with rigid 

plastics only for extremely clean and smooth surfaces, but has a much better performance 

with elastomeric materials. Though not a widely used method, it has been used for 
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performing assays over pre-cultured cells such as neural progenitor cells. The interesting 

aspect of this integration is that the cells were cultured in a petri dish and the microfluidic 

device was assembled on the petri dish later for the post culture assay [169]. 

Magnet assisted bonding has been pursued in different ways. Tkachenko et al. used 

magnets [170] to reinforce PDMS chips bonded to glass by self-adhesive property. Rafat et 

al. reported magnet assisted bonding via magnetic slabs attracting iron particles embedded 

in PDMS [171]. 

2.3.2.3 Reversible bonding with adhesives 

Double side adhesive tapes are a good candidate for aiding the bonding process. This 

process does not require any external bonding equipment or any solvent or liquid adhesives. 

Thompson et al. demonstrated this reversible bonding technique with three variants of 

Scotch® tape [34]. This concept has been rated for non-specialized 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 limited, with the tapes 

used in literature [34, 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 conversion fixtures at the inlet and 

outlet of the microfluidic chips. These interface is probably the least reliable component of 

a LOC device, and is often neglected by the microfluidics community [173]. One reason for 

the complications in these components, especially from a commercial stand point is the lack 

of standardization associated with interfacing components [120]. Some of the functional 

characteristics desired for the world to chip interfaces are, 

¶ Minimal dead volume 

¶ Reuseable  

¶ Inert material  

¶ Easy interfacing 

¶ Leak free 

 While sealing of microfluidics and providing interconnections are two independent 

functions, most of the sealing concepts in polymers can be extended for world to chip 

interfaces. Using modified syringe needles or pins (New England) or metal tubes etc. 

directly plugged into elastomeric materials [174] (Fig. 14 (a)), or sealed with epoxies (Fig. 

14 (b)) or curing polymers has been the norm. Providing for interconnects on silicon is 

complicated and requires extensive fabrication.   There are modern low cost innovative 

solutions being proposed frequently. One such method involves using a double sided 

adhesive tape Fig. 16 [175]. 
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Fig. 14. (a) Schematic of the punching process and the interconnect fabrication method 

(Adapted from [174]) (b) Metal interconnects embedded in PMMA holder chip and sealed 

by a two part epoxy.  

 

Elastomeric Polymer 

Punch 

Syringe Needle /  

New England Pin 

(b) 

(a) 
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x 

Fig. 15. (a,b) ñsleeveò-type coupler that fits the inner and outer diameter of the capillary 

tubing and prevents adhesive seeping into the microchannel.[Reprinted from [176], with 

permission from Elsevier] (c) Interconnect modules in silicon , for interfacing on a silicon 

microfluidic chip [Reprinted with permission [177], Copyright © 2002, Kluwer Academic 

Publishers] 

(b) (a) 

(c) 
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Fig. 16. Double side adhesive tape bonded world to chip inter connects for paper based 

microfluidics.(a) Schematic arrangement for the WTC interconnects (b) sample unit T-

channel for and (c) serial dilution device. [Reproduced from [175] with permission from 

The Royal Society of Chemistry] 

 

Fig. 17. (a) Microfluidic Fit to Flow adapter[ Reprinted from [178] with permission from 

The Royal Society of Chemistry]  (b)press and screw fit connectors  (c) Force fit 

interconnects in 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, and adhesive, press and screw fit 

connectors, are available in standard sizes, which is the first of the standardization 

(a) 
(b) (c) 

(a) (b) 

 

(c) 
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initiatives in the field of microfluidics. Few other modular systems like fit to flow 

interconnect [178] and flanged multichannel world to chip interface [179] have been 

developed for mass integration.  

Atencia et al. proposed magnetic connectors for world to chip interface. The concept 

relies on holding a magnetic needle holder against the inlet/ outlet port with a backing 

magnet on the back side of the chip. Different sealing interfaces have been tested and a 

maximum rupture pressure has been reported with polyimide tape [180]. 

 
Fig. 18. (a) Magnet based world to chip interconnects (b) Interface gasketing provided by (i) 

Polymide tape (ii) Polyester tape (iii) PDMS and (iv) rubber O-ring [ Reprinted from [180] 

with permission from The Royal Society of Chemistry] 

Extending an adhesive based bonding and interfacing concept but integrating it with 

van der Waals forces assisted bonding technique, we propose a novel bonding technique 

involving gecko inspired dry adhesives. This concept has never been attempted before and 

we are the first group to extend the application of dry adhesives to the field of microfluidics. 

Details of the integration will be discussed in the subsequent chapters. 

Before delving into the integration aspect, it is important to understand the concept 

of adhesion in context to gecko inspired dry adhesives. 

(a) (b) 

(i) (ii ) 

(iii ) (iv) 
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2.5 Gecko Inspired Adhesives 

Gecko adhesion is perhaps one of the most extensively studied phenomenon in the 

field of biomimetics. Tockay Geckos (Gekko gecko body weight å 43.4±1.48 gm[181] and 

can support ~47 times their body weight (Clinging ability ~20.04±1.33 N per pad[181]) in 

shear loading and detach at will. This adhesion is facilitated by van der Waals 

intermolecular forces [37]. 

Van der Waals forces are weak intermolecular forces between two electrically 

neutral molecules and thus arise out of dipole interactions.The types of dipoles can be 

classified into three types, permanent dipole, instantaneous dipole 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 observed. These dipoles keep oscillating the 

polarities on their constituent atoms. When instantaneous dipoles 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 is called an induced dipole. 

  The van der Waals forces comprises are of three types of forces, London dispersion 

forces, the Debye forces and Keesom forces[182]. The forces between an instantaneous 

dipole and an induced dipole are called the London dispersion forces, between two 

permanent dipoles are the Keesom Forces, and between a permanent and induced dipole are 

the Debye forces.They have a long range electromagnetic character which is proportional to 

r
-6

, where r is the distance between the molecules; r Ó molecular diameter.  

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

f
vdW φʌὈσ 

    ééEq. 7 
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where A is the Hamaker constant and is intrinsic to the material (in dry air ~10
-19

J[183]), 

whereas D is the distance between the surfaces (~0.2nm for solids in contact[183]). 

Several attempts have been made to replicate gecko adhesion, mostly in soft 

elastomeric materials. Hence an insight into the physics of soft material adhesion is 

necessary.  

While van der Waals forces still remain relevant for synthetic gecko inspired 

adhesives, other adhesion mechanisms observed in polymers are based on diffusion, 

mechanical, molecular, chemical and thermodynamic interaction phenomenon. These 

mechanisms have been reviewed comprehensively by Awaja et al in bulk polymers[184]. 

The energy required to overcome the adhesive forces between two bodies in contact 

is called the free surface energy. Liquids in contact with another liquid or solid achieve 

equilibrium at the lowest surface energy state, as in the case of rain drops, whereas for 

solids in contact, the equilibrium is attained by the distribution of elastic forces in the 

contacting bodies. However in case of light loading in elastic solid bodies, surface forces 

can be significant. This correlation was both theoretically and experimentally proved by 

Johnson et al, [185] also famously referred to as the JKR theory (Johnson, Kendall and 

Roberts). According to JKR Theory, the pull off force between two elastic spheres of radii, 

R1 and R2 is given by, 

ὖ “‎Ὑ     ééEq. 8  

Where, ɔ is the work of adhesion,  

ɔ=ɔ1+ɔ2-ɔ12     ééEq. 9 

ɔ1,ɔ2= surface energies of the materials in air/vaccum 

ɔ12=interface energy when the two surfaces are in contact 

and R is the effective radius, given by 
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R= R1R2/(R1+R2)    ééEq. 10 

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 demonstrated by flat punch contacts 

by Varenberg et 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 monolith surface[187]. Other advantages include rough surface adaptability and 

defect tolerance. 

When the contact is split into N fibers of radius, Ὑ ὙȾЍὔ, considering self 

similar scaling, then 

ὖ ‎“ὙЍὔ     ééEq. 11 

While in case of radius invariance scaling model, 

   ὖ ‎“Ὑὔ            ééEq. 12 

Kendall[188] calculated the pull off force between a rigid disc, of radius a, and an semi-

infinite half space of elastic material of modulus E to be, 

ὖ ψ“Ὁzὥ‎     ééEq. 13 

Where, 

 Ὁᶻ      ééEq. 14 

ɡ being the poissons ratio , E being the Youngôs modulus of the elastic half space. 

Spolenak et al. [189] calculated the pull of force for fibers of different contact shape 

elements in various animals. This work considered a vertical cylinder of radius a and 
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modulus E1, and a semi infinite half space of modulus E2 and reworked the effective 

modulus to be,  

ᶻ    ééEq. 15 

Incase of contact splitting for this flat punch vertical fiber, N= (a/r)
2
. Applying scaling laws, 

the force would scale proportional to ὔȢ . Hence the effective pull off force, PT is given 

by 

ὖ ὖὔȢ
     ééEq. 16 

This increase has also been validated by the work of Greiner et al.[190]. This work also 

experimentally studies in detail the effect of aspect ratios of the pillars (ɚ) and the radii (r). 

The pull off force was demonstrated to scale as a function of r
-0.4

, is scaled as ɚ
0.3

. Inorder to 

accommodate the separation of each feature for practical purposes, an areal density óɟô may 

also be included, which is always directly proportional, and N=ɟ(R/Rn)
2 
= ɟ(a/r)

2
.  

Varenberg et al.[191] revisited the hypothesis of area-independent/perimeter 

dependent model and concluded that the area does have an effect and the adhesion would be 

equal between a two structured and non-structured surfaces as long as the contact area is 

same, but added that the presence of thin film based terminal elements are critical in the 

development of a successful adhesive.  Griener et al.ôs [190] work also proposes accounting 

for the apparent area of contact in order to have a better comparison. Also recently, the 

contact splitting theory has been reported to be a non-accurate model [192], though the 

experimental studies support the claim of increase in pull of force with increasing splitting. 

While theoretically increasing the aspect ratio and decreasing the radius may be 

advantageous, there are physical limitations from a manufacturing perspective. Also, based 

on some experimental work carried out in our research group [193], for a similar effective 

contact area (~50% fill factor) the variation in peak adhesion strengths of Sub-100µm 
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mushroom shaped fibers was very small. Although attempts have been made to fabricate 

nanostructured [194] surfaces for adhesion, but condensation effects caused by clustering of 

the fibers have been observed, which led to reduced adhesion [190].This has also been 

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 of studying the adhesion in some of the beetle species, Carbonne et 

al.ôs work also lends credence to the observation that thin film contact elements would 

improve the adhesion. This study compares the different failure modes between a flat punch 

and a mushroom shaped contact element. Comparing the pull of strengths, the peak strength 

requiredfor a mushroom shaped contact element under a central debonding mechanism , 

which is the typical mode of failure, was identified to be [192], 

„
Ў ᶻ

Ў

Ⱦ

   ééEq. 17 

Where, Ў5  is the stress dependent energy barrier ~1eV, at 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 short drag 

against the contact surface engages the Gecko spatulae[195]. Considering this mechanism, 

Gecko adhesion also includes a component of ófrictional adhesionô via microscopic 

interference, cold welding or other bonding mechanisms. This adhesion is proportional to 

the shear force [196]. Peng et al. also identified that the adhesion of a thin nanofilm 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 increases for the shorter films 

[197].This work also identifies that Geckos have optimized their spatula thickness in a way 

so as to maximize the adhesion force. Incase of mushroom shaped contact geometries, the 

adhesion strength 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 adhesive fibers [198]. 

Hence , microstructured surfaces provide flaw insensitivity as an added benefit apart from 

improved adhesion compared to plane unstructured surfaces. 

Synthetic versions of gecko inspired adhesives have been manufactured in a wide 

variety of polymers with variable results depending on the presence of any thin film element 

or without. Thermoset elastomers like PDMS [199], Polyurethane (PU), Polyurethane 

acrylate (PUA) and Polyvinylsiloxane have been the most preferred choice of materials. Of 

late thermoplastic elastomers have also been used for the same [200]. Various geometries of 

microscopic/nanoscopic microfibres, fabricated by different methods at different 

orientations have been studied. Since there is no standard measurement technique, the 

results that have been reported cannot be directly compared against each other. Few 

versions have also demonstrated under water adhesion [201] and adhesion in vacuum [199]. 

Sameoto et al.  have reviewed many of these synthetic dry adhesives [202]. 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 of the fibre 

geometries are shown as in Fig. 19.  Del Campo et al. conducted a study of effect of length 

scale and tip geometry on adhesion performance and concluded that the tip geometry plays 

the most significant role. Pillars with mushroom shaped tips had the greatest pull off force 

compared to other geometries like flat tipped, round tipped and spatula tipped fibers [203]. 
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These synthetic adhesives have been used as the locomotion mechanism for vertical 

climbing robots and for space applications [204]. Our group has extended this research for 

MEMS pick and place [193]. The anisotropic adhesion helps in reliable picking and easy 

release [205]. Gecko adhesives used in tandem with mussel adhesive protein have been 

demonstrated to improve performance, especially under water [206]. M.K Kwah et al. [207] 

and Mahdavi [208] have reported the development of gecko inspired tissue adhesives. 

 

Fig. 19. Synthetic gecko inspired adhesives: (a)Wedge shaped adhesive fibers in PDMS 

manufactured by dual layer SU-8 lithography in on quartz wafer[209] b)vertical fibres in 

polypropylene manufactured over polycarbonate filter by pressure filling in vacuum at 200 

°C ,scale bar equals 10 microns [Reprinted with permission from [210], Copyright 2006 by 

the American Physical Society] c) polyurethane mushroom shaped fibers [Reprinted with 

permission from [211] Copyright 2009 American Chemical Society] d) hierarchical 

mushroom shaped adhesives in polyurethane with each layer hierarchical layer formed in 

separate steps and assembling by joining interfaces with liquid polyurethane and curing. 

[Reprinted with permission from [212] Copyright 2009 American Chemical Society]. 

(a

) 

(b

) 

(c

) 

(d

) 
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(e)Angled mushroom shaped polyurethane fibers fabricated by dipping angled fibers in 

liquid polyurethane and curing against a flat surface under an applied pressure[[213], 

[Reprinted by permission of John Wiley & Sons, Inc.]  f) Sylgard-184 fibers, fabricated by 

thin film inking of Sylgard 184 followed by downward curing and tilted printing and curing 

respectively and [214] [Reprinted by permission of John Wiley & Sons, Inc.]  g) angled 

high aspect ratio nanofibers fabricated in polyurethane acrylate by replica molding from a 

directional etched polysilicon substrate [215]. h) Polyurethane fibers fabricated from 

commercial PMMA master molds in a single molding process Reproduced with permission 

[202], © IOP Publishing]. 

 

(e) 

(f) 

(h) 

(g) 

20 µm 

20 µm 
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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 material, which has been demonstrated to  be 

acceptable for microfluidics, from a manufacturing perspective. The gecko inspired 

adheisives present an aggressive geometry that is challenging compared to a conventional 

microfluidic fabrication technique. Hence a replication fidelity study involving Scanning 

Electron microscopy and Optical profilometer beased deductions is presented here. 

Thermoplastic elastomers provide an alternative to both elastomers and 

thermoplastics in a way that assimilates the best of both the materials, The material of 

choice from the TPE family that has been studied extensively is styrene-ethylene-butylene-

styrene. 

Styrenic block copolymers have a typical structure of Styrene-other polymer-

Styrene complex. In the case of SEBS, the intermediate polymer is polybutadiene, 

polyisoprene , making a SEBS a linear triblock copolymer. It may be manufactured by the 

hydrogenation of Styrene-butadiene-styrene [216]. The glassy styrene is distributed in a 

continuous elastomeric matrix of Ethylene-Butylene. These organized sections of styrene 

act as physical, rather than chemical crosslinks, and are free to move, break and re-organise 

at elevated temperatures which provides the elastomer its thermoplastic properties. SEBS 

has two glass transition temperautres associated with the ethylene-butylene and polysturene 

domains at ~ -55°C and ~95°C respectively.  
 

 

 

Sections of this chapter have been published in: [217] 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 of the SEBS is 

spherical, for the solid phase ratios  <0.20 [216]. 

 

 

 

 

 

 

 

Fig. 20. (a) Physical structure of SEBS (adapted from [218]) (b) Chemical formula of SEBS 

Polystyrene domain 

Poly(ethylene/ butylene) matrix 

(a) 

 Polystyrene  Poly(ethylene/butylene) Polystyrene  

(b) 
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SEBS is commercially available in different proportions of polystyrene, and 

poly(ethylene/butylene). There also are variants with polypropylene, sometimes classified 

under a special category, SEPS (styrene-ethylene-propylene-styrene)[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 under different names making it difficult to identify except via 

material data sheets. Kraton Performance Polymers 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 Versaflex CL series. Polimeri Europa has a SOL TH series of modifier free 

SEBS. Dynasolôs CH series and AlphaGaryôs Evoprene G series polymers are UV and 

Ozone resistant and FDA approved for food storage. Hexpol TPE has different TPEs 

including SEBS (Dryflex T series) 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 SEBS, SEBS 42(42 wt % PS) and 

SEBS 12(12 wt % PS), and compared it with PDMS and Polystyrene. SEBS 42 devices 

demonstrated wettability, stable surfaces (for both contact angle and electro-osmotic 

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 adsorption (Fig. 22). Features as small as 2µm (dia) and aspect 

ratios as high as 4:1, were demonstrated to be feasible. The polymer was dissolved in 

toluene and fabricated via soft lithography techniques. The silicon surfaces needed to be 

silane treated for efficient and reliable demolding. The authors also tested reversible, plasma 

treated and thermal bonding, and found the maximum pressure  to be 20-30psi, 30-35psi 
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and 60psi respectively. Cell culture studies found SEBS (SEBS42 and SEBS12) to promote 

cell adhesion and proliferation, which was comparable or slightly exceeded the growth on 

PDMS (adsorbed with Fibronectin). Sudarsan et al.  performed EcoRI restriction enzyme 

digestion to prove biocompatibility with SEBS CP-9000 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 swelling, except for toluene and chloroform [84]. 

Geissler demonstrated localized DNA array formations on Versaflex CL30 [87]. These 

studies can be interpreted to imply that SEBS should be appropriate for many basic 

microfluidic applications. Borysiak et 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 conducive. Since there are different types of assays and cell cultures [221] a 

universal acceptance of SEBS for microfluidics can only be made after further studies. 

Melt processing has been the preferred choice of processing thermoplastics and 

thermoplastic elastomers. While the high dimension control , short cycle time and high 

productivity make it more lucrative , the capital cost involved in fabrication via injection 

molding is exorbitantly high The 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 defined as[222],  

ὅ ὲ ὅ ὅὩ     ééEq. 18 

ὅ  : Cost per device for a volume production of n parts; ὅ : Cost of raw materials; 

ὅ  : Non recurring cost (Capital cost, production automation etc); ὅ :Initial 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 manufactured, which will 

further scale down depending on the number of components and the processing steps. This 

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

                   

Fig. 21.Economics of scale based on manufacturing process. [Reprinted from [222] with 

permission from The Royal Society of Chemistry] 

 As evident from, Fig. 21,melt fabrication, via injection molding is the better choice of 

fabrication in a large scale compatible process for thermoplastics, but as the modulus of the 

thermoplastics scales down with thermoplastic elastomers, the initial capital investment  can 

be minimised by using low cost molds and other modified molding machines  and the break 

even volume much shortened possibly by a serial continuous process, as discussed in 

Chapter 5. Solvent processing 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 solvents.[223]. Hence a melt processing approach may be better for large scale 

manufacturing to ensure uniform quality. 

 

 

 

 

 

Fig. 22. The Rhodamine dye test analysis performed by Borysiak et al. With Rhodamine B 

dye filled channel: (a), SEBS (b), PDMS and (c); the intensity variation along the width of 

the channel . after flushing the dye, (d), SEBS (e) PDMS and (f) intensity variation. 

[Reprinted with permission from The Royal Society of Chemistry]. 

 

 

(a) (b) 
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Table 3: Comparison of SEBS to PDMS and PS (partially adapted from [86]) 

Property PDMS (10:1 

mix) 

PS SEBS 

Elastic modulus 1ï3 MPa 

(Flexible) 

3 GPa 

(Rigid) 

<10MPa 

(Flexible) 

Advancing 

contact angle 108° ~94° 
borderline hydrophobic 

(93-104°) 

Surface stability ī ++ ++ 

Cell culture ++ +++ ++ 

Zeta potential 

(pH 7) ī25ï32 mV ī20ï30 mV 
ī39 mV (for SEBS 42) 

and stable 

Thermal stability 

(DSC) 
+ ī + 

Molecule sorption 
ī ++ ++ 

Optical 

transparency ++ + + 

Autofluorescence + + + 

Gas permeability +++ + ++ 

Cost of material high low low 

Resolution 50nm 10nm 10nm 

Ease of 

demolding easy 

Moderate-

difficult (Mold 

dependent) 

easy 

Bonding via extensive 

processes 

(reversible- 

easy) 

thermal bonding 

(reversible not 

possible) 

Thermal bonding 

(reversible-easy) 

Ease of 

fabrication:  

Rapid 

prototyping 
easy 

melt processing 

(expensive)            

*solvent 

processing (easy) 

melt processing 

(moderate-expensive)            

*solvent processing 

(easy) 

Large scale 

manufactureing expensive low to moderate low to moderate 
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3.2 Replication studies 

Since SEBS is 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 low moduli SEBS variants, which are generally available as pellets. As 

the polystyrene content increases, the crystallinity increases and hence these materials are 

available in amorphous/ fluffy crumb state. While the Geckofluidics concept discussed later 

indetail ,in this thesis is compatible with other elastomeric polymers, a few polymers were 

studied for the manufacturing feasibility. Five variants of SEBS, two versions of a 

thermoplastic polyurethane and one formulation 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 any subsequent 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 content variations used in this thesis are G1657 and 

G1645, with 12.3-14.3% PS and 11.5-13.5% PS content respectively. The detailed 

composition of the Dryflex SEBS polymers was not available. The thermoplastic 

polyurethanes are shape memory polymers. The fluffy crumb variants of SEBS are the high 

polystyrene content samples (Fig. 23(b)), though certainly compatibly with processes like 

injection molding, were excluded from testing due to incompatibility with the scale and 

mode of the manufacturing process being explored. The manufacturing process is via 

thermo-compressive molding with a silicone master which is discussed later in this thesis.  

Polymers like EVA had to be manufactured at lower temperatures, because the degradation 



  

57 

 

temperature is ~200 ÁC, while MM4520 required a temperature of 215 ęC and dual pressure 

cycling. G1645 has a lower melt flow index, meaning that is is much slower to flow under a 

given load and temperature, which may also require a dual compression molding cycle to 

adequately fill in the smallest features. A brief overview is as in Table 4. 

Table 4: Overview of the thermoplastic elastomers  

Polymer Type 
Shore 

Hardness 
Tg Raw form 

Kraton G165712 SEBS ~ 47 A 
-42C and 

95 C 

Clear dusted 

pellets 

Kraton G164513 
SEBS (With Enhanced 

Rubber Segment) 
~35 A 

-35 C and 

95 C 

Clear dusted 

pellets 

SMP MM452014 
Thermoplastic 

polyurethane 

Temperature 

dependent 30 D 

for rubbery zone 

25 C 
Clear cylindrical 

pellets 

SMP MM252014 
Thermoplastic 

polyurethane 

Temperature 

dependent 26 D 

for rubbery zone 

45 C 
Clear cylindrical 

pellets 

ProformÊ15 
Ethylene-Vinyl -Acetate 

(EVA) 
~85 A 

-10 C and 

31-40 C 
Translucent sheet 

Dryflex C3 

606816 

SEBS/carbon 

composite 
~ 70 A N/A Black pellets 

Dryflex T50917 SEBS ~ 50 A 
-50C and 

100C 

Translucent 

pellets 

Dryflex T90917 SEBS ~ 90 A 
-50C and 

100C 

Translucent 

pellets 
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Fig. 23.  a. Kraton G 1657 (pellet form) b. Kraton G1651 (Fluffy crumbs) c. Dryflex C 

series (SEBS-carbon black composite pellets) d. Proform EVA (Sheet) e. Dryflex SEBS T 

series        f. thermoplastic polyurethane (cylindrical pellets) 

 

Qualitative inferences were drawn based on scanning electron microscopy and quantitative 

measurements from optical profilometer scans along with rating for the manufacturing 

feasibility. The SEM imaging data for 16µm diameter (cap) mushroom shaped features is 

shown in Fig. 24. 

  

a. b. 

c. d. 

e. f. 

a. 

b. 

c. 

f. 
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Fig. 24: Replication study results for various polymers* 

*The  fractured fibres in the SEMs are faithful replicas of induced damage in the master 

molds. 
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Polymers imaged under low gun voltages (2kV) had poor resolution (Fig. 25(b)), while 

higher voltages cause surface charging Fig. 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 by the deposition of gold (~10nm) for 

SEM imaging purposes.  

 

 

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 

 

(d) (c) 

(a) (b) 
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3.3 Results and discussion 

The ease 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 showed 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 almost 100 % during the demolding process(Fig. 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 filling (Fig. 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 black. The evident 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 microfluidics, but 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 by Kraton 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 for this 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 heavily amplified depending on the 

curvature as the measurements would be absolute values without accounting for the 

curvature (Fig.26). To account for the curvature, a surface profile fit of 4
th
 order was used. 

While other profiles exist, the curvature was inconsistent with varying materials and 

samples, hence a safer option was used. All the profiles confirmed to a flat horizontal 

surface, after the profile removal (Fig.27). 

 

                   Fig. 26. Surface profile for Kraton G1657, without curve fitting 
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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 observed on samples 

with improper mixing. The silica dust approximately contributed to a 3 fold increase in the 

roughness for G1645. The average roughness (Ra) values are tabulated as in Table 5.  
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Table 5 :Average roughness values for different replicated polymers (The details of the 

scans are as in Appendix A) 

Material  Average Rougness 

(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 as in Fig. 28 

 
Fig. 28. T909 (Maximum Roughness) 
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Fig. 29. Kraton G1657M (Minimum Roughness) 

The optical profilometer scans doesnôt require deposition of gold and hence the measured 

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 the incomplete 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 

surface looked glassy, but the manufacturing process often leads to significant trapped 

gasses.  
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Table 6: Summary of results 
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Notes 

Kraton 

G1657 

200°C/30 

seconds 
++ +++ 

Best combination of flow and visual 

appearance. High fidelity and ~100% 

roughness replication. 

Kraton 

G1645 

200°C/30 

seconds 
+ ++ 

Harder to flow than G1657, more 

variation in surface quality. Polymer 

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 optical 

profilometer. May be used in 

applications with thermal assisted 

bonding (details in chap 6) 

SMP 

MM4520 

215°C/60 

seconds 
- +++ 

Very slow to flow and required 

higher temperatures than all other 

varieties tested.  Some freckles were 

observed underside of the caps. Very 

low surface roughness and a glassy 

appearance. Some air pockets were 

observed, but are due to the 

manufacturing process, and may be 

eleiminated under high pressure 

molding methods. 

SMP 

MM2520 

200°C/30 

seconds 
+ ++ 

Similar flow to G1645. Heavy 

speckles were observed. The surface 

roughness was moderately high, 

quite evidently from the phase 

separation, which is also the reason 

for the speckles. 

EVA 

ProformÊ 

160°C/30 

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 the 
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material translucent. Though the 

replication quality looked smooth, 

the fibers were plastically deformed 

more than 100% and bent in the 

direction of peeling (from the mold) 

Dryflex 

C3 6068 

200 °C/30 

seconds 
- - - -  

Significant polymer pull back during 

cooling was observed- elastic 

behavior. The fibers that remain 

filled look good when imaged 

through silicone but once demolded 

show extreme damage and surface 

roughness. Poor filling was also 

observed in certain areas. A cloudy 

appearance of the silicone mold 

occurs within a few minutes of 

demolding implying some release of 

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 tear 

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 fibers 

look more damaged and rough. This 

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 surface roughness was 

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 devices. While a few of the tested materials gave promising results, others 

had challenges which couldnôt be predicted from analysising the datasheets of the individual 

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 materials, while phase separation 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 has been accepted  to be function 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 in (Fig. 19).Many plants and animals also exhibit 

adhesion via microstructuring of their contact surface, but Gecko adhesion has become the 

generic term to reference to 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 forces[224], most synthetic versions have achieved it by  pure van der Waals 

forces. 

 

 

Fig. 30: Setae geometry on feet of Episyrphus balteatus, a fly. PL- End Plate;Lu- Lumen 

and DL- electron dense layer  [Reproduced from [225], The Royal Society] 

 Synthetic adhesives can demonstrate as high as a 1MPa of 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. Non-angled fibres, depending on the tip geometry can exhibit normal , shear 

and/or mixed adhesion. Considering the application to microfluidics, a non directional 

adhesive is desired.   

Experimental studies were performed by del Campo et al. [226] towards identifying 

the optimum tip shape for maximum adhesion. The study was performed on fiber radii 

varying between 2.5 and 25µm. 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 geometries. A 

spherical end contact, a flat contact with filleted edges, a spatula overhang tip, a flat 

mushroom overhanged tip and a concave tip were tested (Fig. 31). All geometries were 

fabricated via photolithography in SU-8 and then replicated in PDMS via an intermediate. 

 

Fig. 31. Fiber geometries tested for maximum adhesion strength. 

The tests were performed using a sapphire sphere with a diameter of 5mm, with a 

constant retraction rate of 1µm s
-1

.  The flat punch reference geometry (10µm) 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 had a 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 flat tip with 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 suggested further studies to explain the better performance of the mushroom 

shaped adhesives, which were performed by Carbone et al.[227]. The contact geometry has 

also been correlated to the type of adhesion in biological systems by Gorb et 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 for long term 

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 initiates at the outer 

edge and propagates inwards, while for a mushroom shaped geometry, is vice versa (Fig. 

32. Idealized failure modes). It also concludes that this detachment is independent of the 

pillar dimensions and that the overhang doesnôt support any additional load but eliminates 

the stress singularity (Fig. 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, Carbone et al. [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, 0.2-0.3 for cap thickness to neck diameter 

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 Greiner et al.[190]. The pull 

off strength increases linearly with the pillar aspect ratio until after which they could buckle 
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under self weight. While as per St.Venantôs principle, different loads of similar intensity 

have similar effect at a sufficiently larger distance, a very low aspect ratio fiber would be 

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 µm, the 

neck diameter should be less than 50µm and the cap thickness should be ~10-15µm. 

 

 
Fig. 32. Idealized failure modes [Adapted from [227], with permission from The Royal 

Society of Chemistry] 

 

Fig. 33. Stress distribution for (a)  flat punch and Mushroom Caps : (b)thin, (c)  optimum 

and  (d) thick [Adapted from [227], with permission from The Royal Society of Chemistry] 

Substrate 

(a) 

Substrate 

(b) (c) (d) 
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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), thermo-compression bonding and 

liquid adhesives. This can be worked out by creating a sweep of the basic design 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 adhesive structures which in tandem with the 

gasket increase the reliability and adhesion strength (as in Fig. 35). The work of these 

supporting adhesive can be maximized when the adhesive is integrated with a rigid backing 

layer. The rigid backing layer helps to re-distribute the point force / localized pressure over 

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

L 

Dn 
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Fig. 35. A schematic layout of a geckofluidics device 

The prime reason for failure of conventional 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 this stress distribution in the gasket, and also to show the 

effect of a rigid backing. This study builds up on a similar study undertaken on gecko 

inspired adhesives [229] but extends it to the concept of Geckofluidics. 

A 3mm blister was modelled with 100 µm gasket cap width and 100µm adhesive 

fibre cap diameter.  The neck diameter at the lowest was 55micron at ~40% height. While 

these values are close to the idealized models, the geometry of the fibers is slightly different 

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 hyperplastic models in COMSOL. 

Microfluidic Channel  Gasket 

Gecko Adhesive  
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A detailed experimental and FEA study has been performed by Ben Bschaden [229], in 

order to  develop numerical models for accurate material behavior.  Mooney- Rivlin, 2
nd

 

order, 3
rd

 order and 5
th
 order models were tried, and the 5

th
 order 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 or significant 

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 simulation was 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, 

hence a óextra fineô physics controlled mesh size was used . A mesh convergence study 

based on earlier waork [229] was performed (See Appendix E). 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 bounded with 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  

                        
Fig. 36: SEM of the modelled adhesive fiber 

4.3.1 MESH:  

 

Fig. 37. Illustration of modelled geometry and meshing scheme 


