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1. Introduction 

Elastomer has been widely used in academic and industry since it was invented in the 

nineteen century 1. By definition, elastomer is a polymer which is viscoelastic and able to 

regain its shape after deformation. Compared to other materials, elastomer has notably low 

Young’s modulus and high yield strain. In general, amorphous elastomer is made of carbon, 

hydrogen, oxygen and/or silicon whose glass transition temperature is well below the 

application temperature, e.g., room temperature. As a result, it has excellent properties in 

elasticity 2, transparency 3, permeability 4, and insulation 5. 

One of the most commonly used elastomers is silicone elastomer such as 

poly(dimethylsiloxane) (PDMS), which has been widely used in electronics and 

microfluidics due to its elasticity, optical transparency, UV transmission, permeability, 

biocompatibility, and availability. PDMS generally consists of repeat unit dimethylsiloxane. 

The repeat methyl is modifiable using functional groups such as urea or bis-urea for 

development of high mechanical strength of elastomer. The modified PDMS presents both a 

high mechanical strength and elasticity at room temperature due to functionality of the 

cross-linking domains and intrinsic reversibility of the supramolecular chains. PDMS is 

optically transparent and is usually inert, non-toxic and non-flammable 6. PDMS is 

viscoelastic and is normally measured using dynamic mechanical analysis (DMA), in which 

a specialized instrument is used to determine the material’s flow characteristics over a wide 

range of temperature, flow rates, and deformations. In general, the shear modulus of PDMS 

is in the range of 100 kPa to 3 MPa, varied with the preparation conditions. 

Characterization of elastomer by dynamic-mechanical testing includes temperature sweep, 

frequency sweep, strain sweep, damping and friction properties. The dynamic mechanical 

measurement is particularly useful to characterize conductive particles in elastomer for 
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understanding the particles effect on overall elastomer mechanical properties. It is very 

common to measure damping factor (tan) change with temperature for understanding the 

elastomer degree of crosslinking 7. The dynamic mechanical testing provides information on 

both uncrosslinked and crosslinked phases of the elastomer, as well as viscoelasticity. To 

this end, nanoindentation plays a significant role on viscoelastic characterization of 

elastomers for their creep and relaxation properties 8, 9.  

Elastomer is an excellent matrix which can mix with other materials such as conductive 

particles and thermoplastics to enhance mechanical properties. For example, silver particles 

are added into silicone elastomer matrix to formation of conductive elastomer for high-

density electrical contacts in microelectronics. Polypropylene and ethylene-propylene 

copolymer elastomer significantly improves the dynamic mechanical, tensile and impact 

properties and even changes the modes of failure 10. The size, shape and spatial packing of 

elastomer inclusions are the most significant factors in controlling the mechanical behavior 

of blends. Since PDMS can be cured with different ratio of dimethylsiloxane and curing 

reagent, it is very useful to fabricate microfluidic devices for a variety of applications, 

including cell culture 11, ELISA assay 12, capillary electrophoresis 13, DNA sequencing 14. 

In this chapter, we briefly discussed elastomer elastic and viscoelastic properties, as well as 

permeability. Elastomer is widely used in microelectronics and microfluidics due to all or 

part of these characteristics. Then we discussed several applications in microelectronics and 

microfluidics using elastomer as substrate. Finally, we introduce potential development of 

elastomer.  

2. Elastomer property and its applications 

Elasticity is the ability of a material to return to its original shape and size after being stretched, 

compressed, twisted or bent 15. Elastic deformation (change of shape or size) lasts only as long 

as a deforming force is applied to the object, and disappears once the applied force is removed. 

The elasticity of elastomer makes it extremely useful in microelectronics and microfluidics. For 

example, the Intel CPU uses land grid array sockets (LGA), in which the socket has over 

thousands of elastomer contacts that consist of silver particles in elastomer matrix 16, 17. When 

socket, the CPU and printed circuit board (PCB) are assembled by compressing force, the 

silver-embedded elastomer is compressed to increase contact area between socket and the 

CPU, and between socket and the PCB. The excellent elastic deformation of elastomer can keep 

the electrically tight contact for minimum contact resistance. Elasticity of PDMS minimizes its 

stress relaxation and creep effect, which is severe in other polymer with low elasticity. The 

excellent elasticity of PDMS allows to release from microfluidic masters without damaging 

PDMS device 18, 19 and significant deflection to occur when a pressure difference develops 20. 

Therefore, it is important to characterize PDMS elasticity and understand how to improve 

such property for various applications. 

The most common elasticity experiment for many decades involved mechanically blending 

a reinforcing filler such as carbon black into natural rubber, crosslinking the elastomer with 

sulfur, and characterizing it network structure by stress-strain measurements in simple 
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extension, or by extents of equilibrium swelling 21. However, in most instances, such as thin-

film elastomer, land grid array elastomer contact, and PDMS microfluidics, these methods 

may not be applicable due to effects of supporting materials. To characterize elastomer in 

those applications, nanoindentation has been an emerging technology for elastomer 

characterization and is an indispensable tool in many instances where other techniques are 

inapplicable. Nanoindentation is such tool for characterization of polymer on its 

viscoelasticity. Indentation technique was first introduced as advent of indentation fracture 

mechanics 22 in 1975 and ever since it has been developed for characterization of elastic-

plastic materials using the Oliver-Pharr’s method 23. No valid method was reported for 

polymer nanoindentation analysis based on stress-strain experiments until the viscoelastic 

model was proposed in 2004 and other emerging studies that followed 8, 24, 25. Because of 

viscoelasticity, elastic-plastic model cannot be directly used to derive modulus and hardness. 

Also these measurements are dependent on the experimental parameters, such as loading rate, 

maximum load, holding duration, unloading rate, and minimum unloading force 26. To 

minimize the effects by those experimental parameters during indentation, the experimental 

conditions were proposed in such a way that fast loading was applied for minimizing 

viscoelastic deformation, long dwell time for full viscoelastic deformation, and quick 

unloading rate. The fast loading and unloading showed that only elastic-plastic deformation 

was observed, while viscoelastic deformation was observed in the dwell duration. Also, it was 

observed that the viscoelastic deformation can be measured by keeping a minimum force on 

the indenter so that the instrument can record the deformation progress with time. The 

modulus and viscosity coefficient of elastomer can be derived using flat-ended punch-tip 8, the 

elastic-viscoelastic-viscous deformation is described by following equation, 

ℎ = ଴ܲℎ௜௡ܧ଴ܣ଴ +෍ ଴ܲℎ௜௡ܧ௜ܣ଴ (1 − ݁ିா೔௧ ೔ൗ )௡
ଵ + ℎ௜௡

௢  ݐ
where P represents load, h is deformation and subscript e is elastic,  coefficient of viscosity, 

E modulus, t time. Elastic modulus is thus derived by P0hin/A0he. This model provides a 

means for characterization of elastomer, such as investigation of effect of crosslinking, work 

of adhesion and fluid environment on elastic modulus 24. Nanoindentation on PDMS 

indicated that it is capable of measuring several order of magnitudes of elastic modulus of 

PDMS, with expected increase of the elastic modulus at higher crosslinked PDMS (2.80 MPa 

at 10:1 ratio, and 0.88 MPa at 30:1 ratio; monomer:crosslinker, wt%) 24, 27.  

Elastomer is permeable to solvents, gases, moisture or even some small molecules 4, 28-30. 

Permeability has been employed to fabricate non-contact pump for the manipulation of 

aqueous solutions within PDMS microfluidic devices 20 or supply oxygen for large-scale 

culture of hepatocytes 31. On the other hand, PDMS permeability limits its application to 

microfluidic technology, in which coating such as glass-like layer using sol-gel chemistry is 

developed on PDMS to minimize permeability 32. The permeability of a PDMS film or 

membrane to a penetrant (i.e., gas or solvent) is defined as 28, 33, 

஺ܲ = ஺݈ܰ݌ଶ஺	 −  ଵ஺݌
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Where PA is the permeability coefficient, NA is the steady-state penetrant flux through the 

film, p1A and p2A are the downstream and upstream partial pressures of component A, and l 

is the membrane or film thickness. In general, PDMS permeability depends strongly on the 

feeding gas/solvent composition and temperature: an increase in vapor concentration or 

liquid pressure leads to increased chain mobility at constant feeding pressure and 

temperature, resulting in high diffusivity and permeability. The increase of permeability 

with pressure is attributed to the swelling of PDMS. 

Due to the permeability nature of PDMS, many researchers synthesized co-polymer which 

contained PDMS as a permeable medium for gas/solvent. For example, the ‘smart’ tri-

component amphiphilic membranes consisting of poly(ethylene glycol) (PEG), PDMS and 

polypentamethylcyclopentasiloxane (PD5) domains were synthesized for biological 

applications, including immunoisolation of cells 29, 30. The high oxygen permeability of 

PDMS makes it feasible for the application in microdevices in cell culture 34. Compared to 

large-scale system / platform, microfluidics provides suitable environments for sample 

interaction, such as cell culture, with the significant increase of surface-to-volume ratio 

while the fluidic behavior is similar to the environments in vivo 29. Integration of PDMS into 

microfluidic platform can implement studies on cell-to-cell interactions and understanding 

of cell behaviors in vitro, emulation of situations observed in vivo. Several studies have 

demonstrated that microfluidic devices consisted of two PDMS layers were capable for cell 

culture 35. They further fabricated a complex microfluidics which consisted of stacking ten 

PDMS layers, in which four cell culture chambers and one-oxygen chamber inserts between.  

3. Elastomer as electrical contact matrix in microelectronics 

Insulation elastomer in microelectronics plays a significant role to prevent a short-circuit 36. 

Electrical insulating polymers have been introduced nearly one hundred years ago and 

proved to be excellent long-term physical and electrical properties, including weatherability, 

moisture-sealing, corrosion resistant and durability. The polymer insulating materials are 

used in a wide range of applications such as surge arresters, insulators, insulation 

enhancement, and bushings 5. The initial polymers used in insulating materials were mainly 

on radiation-crosslinked and semicrystalline polyolefin copolymers. With development of 

manufacturing and materials technologies, elastomer has been increasingly designed for 

insulating applications 5, 37. 

The elastomer formulations have been optimized so that an exceptional electrical and 

weathering performance is achieved, which are equal or above that of polyolefin copolymer 

materials. The silicone elastomer has many advantages such as hydrophobicity, 

hydrophobic recovery, weathering resistance, processability, and elastomeric mechanical 

properties. These advantages make silicone elastomer suitable for outdoor insulating 

applications. For example, PDMS has been used for high-voltage (HV) outdoor insulation in 

the real world as a replacement over conventional porcelain and glass insulation. As one 

silicone elastomer, PDMS as HV insulating materials is light weight, has superior vandal 

resistance, and contains better contamination performance. However, many research works 
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have been conducted on molecular modification in order to improve PDMS properties, 

including degradation under exposure to discharge and arcing, mechanical strength etc. It 

has been demonstrated that hydrophobicity of PDMS can be rendered by exposure to 

discharges, which can be recovered when exposure ceases. Their studies showed that the 

lowly crosslinked PDMS can readily reorient between hydrophilic and hydrophobic states, 

therefore improving its weathering capabilities 38. 

Recently, PDMS has been micropatterned using a photoresist lift-off technique for selective 

electrical insulation in microelectrode array applications 39. The micropatterning technique is 

able to manufacture PDMS patterns with feature as small as 15 µm and various thicknesses 

down to 6 µm. With micropatterned PDMS insulation layer, the electrical resistance between 

adjacent electrodes is within the specification. Additionally, the micropatterned PDMS 

insulation can be applied to biosensing microdevices such as in an extensive neuronal 

network. Other researchers used PDMS to develop a replaceable insulator for a single-use 

planar microelectrode array (MEA) in the study of electrogenic tissues 40. They 

demonstrated applications using microstencils for rejuvenation of an old MEA and the 

fabrication of a single-use MEA.  

Conductive materials are used to produce shielding gaskets for military, aerospace, 

electronics, and communications. The conductive elastomers are designed to balance 

requirements for electrical conductivity, thermal management, and cost performance 41. 

Conductive elastomer materials are ideal for customer applications requiring both excellent 

electromagnetic interference shielding and environmental sealing across a wide range of 

temperature. The conductive elastomers could be blended polyacetylene with different 

types of thermoplastic elastomers: styrene-butadiene-styrene, styrene-isoprene-styrene, and 

styrene-ethylenebutylene-styrene tri-block copolymers 42. The polyacetylene is a highly 

conjugated polymer which contains high concentration of unsaturated sites. Those sites are 

easily attacked by ozone / UV light and reacted with elastomer, formation of conductive 

elastomer composites. Or insulation elastomers are coated with compliant electrode material 

on both sides of the elastomer film 43. The dielectric elastomers were actuated by means of 

electrostatic forces applied via compliant electrodes. The performance of conductive 

elastomers is dependent on many factors, e.g., elastomer crosslinking method and type of 

monomer. In an electrically conductive heterogeneous binary polymer blends, consisting of 

ethylene-propylene-diene-monomer (EPDM) and polyaniline (PAni), the performance was 

significantly affected by the crosslinking method 44. In the blend, PAni underwent doping 

upon exposure to a protonic acid and became electrically conductive. Several methods have 

been studied for monomer crosslinking, such as the use of a phenolic resin for unsaturated 

rubbers and high service temperature products, inter-chain C-C bonds formation after the 

reticulation reaction, electron beam induced crosslinking for 3-D network. Results indicated 

that electron beam irradiation crosslinking method was not affected by the presence of the 

acid necessary for doping the conductive elastomers. 

Insulation elastomer has been used as a matrix to hold conductive particles in land grid 

array socket since it significantly improves contact resistance and increases interconnect 

density. The need for high density electronics has led to the development of semiconductor 
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array packages, such as ball grid array (BGA) and land grid array (LGA) packages. 

However, soldering a package to a printed circuit board (PCB) is challenging for 

input/output (I/O) counts greater than a thousand, and solder joint defects can induce 

reliability problems in the application. These problems can be solved by using an LGA 

socket, which eliminates the soldering process, provides a separable interconnect between 

the component and the PCB, and also enables easy product rework, repair, and upgrade. 

The conductive particles in elastomer matrix has been introduced into electronics in 1980’s 16, 

45. One such conductive elastomer composite is called Z-direction anisotropically conductive 

materials which are made of the magnetic alignment of conductive particles in elastomers 46. 

The composites contain many vertically aligned but laterally isolated chains of 

ferromagnetic metal spheres, and the ends of which protrude from the surfaces for better 

electrical contact. These materials exhibit Z-direction only electrical conduction, in 

combination with the compliant nature of the materials, can be exploited advantageously for 

a variety of electronic applications, including fine-pitch, area-array, circuit interconnects, 

circuit-testing, heat sink interfacing, and sensor devices 47, 48. The schematic diagram of this 

design structure is shown in Figure 1. This design has been used in a tactile shear sensor for 

applications such as robotic skins or grippers, touch sensitive actuators, and finger operated 

controls 49. 

 

Figure 1. Schematic diagram of a Z-direction only electrical conduction, in which the component is 

electrical connected to the printed circuit board through vertically aligned and laterally isolated 

conductive materials. The contact is made by external contact force. Reprint and permission from 16 

An LGA socket assembly consists of component, socket, and board as shown in Figure 2. 

The contact force is applied through a fixture 16, 45. The socket design can vary in terms of 

target component, contact, and housing. One class of LGA sockets incorporates conductive 

particles in elastomer (polymer) as electrical interconnects for LGA. This class of socket has 

comparatively low cost, ease of assembly, and short signal path; the elastomer has a sealing 

effect. However, elastomer-based interconnection is susceptible to failure due to creep and 

stress relaxation, whenever a force or deformation is provided. A decrease in the contact 

force due to stress relaxation may lead to the degradation of contact resistance. Increase of 
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elasticity can effectively mitigate creep and stress relaxation, in that crosslinked elastomer 

has instantaneous recovery after removal of stress.  

 

Figure 2. Schematic diagram of elastomer land grid socket assembly. The interconnection part, elastomer 

socket, can be replaced with different type of sockets, including metalized particle interconnect (MPI), 

PariPoser film, and conductive rubber sockets (CRS). Reprint and permission from 16 

Several mechanisms can lead to the elastomer failure, such as electrochemical migration 50-52, 

stress relaxation and creep 45, 53 and corrosion 16. This section will extensively emphasize 

these mechanisms and use respective models to predict the lifecycle of the components. The 

metal electrochemical migration was first identified in the short-circuit failure of Sun 

Microsystems Sun Fire 6800. Investigation on the failed parts did not observe any dendrite 

to bridge adjacent components and/or contacts. In general, dendrites were considered to 

short the electrical circuit. This finding indicated that even without dendrite formation a 

short-circuit can happen. The design of the experiment, which mimicked the device 

environment with accelerated conditions, was conducted to identify the failure mechanism 

and electrochemical migration processes based on the failure products 50-52. The new failure 

mechanism in the metal-in-elastomer socket was proposed on the facts that surface 

insulation resistance has catastrophically decreased and unknown materials were formed on 
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surface after a certain period of time incubation in the temperature-humidity-bias 

conditions. The metal-in-elastomer socket consists of silver particles in elastomer matrix. 

Previous studies showed that silver can migrate in the humidity-temperature-bias 

conditions 54. However, those studies added the external conductive ions, e.g., contaminants 

or silver ions, into the system to initialize the migration process 55. In recent studies, several 

substantial results exploited different electrochemical migration, including silver 

electrochemical migration (ECM) processes, migration products, and failure criterion on 

surface insulation resistance (105 ohm). 

The silver ECM could occur when bias was applied to silver-in-elastomer socket in the 

humidity-temperature. Initially, the water layer absorbed on the surface is electrolyzed to 

hydrogen and hydroxide ions, which further migrate to cathode and anode respectively. 

Silver oxides to silver ions by accepting electrons through electrolyzed water solution under 

bias, and silver ions are accumulated in absorbed water layer. The silver ions are also 

migrated to cathode through water layer. Overall, the surface insulation resistance (SIR) 

decreases when ions are generated in the absorbed water layer, or formation of conductive 

electrolyte. The short-circuit failure occurs when silver ion concentration increases to the 

specific value when the surface insulation resistance decreases to 105 ohm. 

Both film and dendrites were observed on the film after permanent failure when the surface 

insulation resistance of the silver-in-elastomer was less than 1000 ohm. Studies on this 

regard showed that the film growth was developed in deionized water, while the dendrite 

growth was developed in high conductivity water. It was found that the film grew on the 

surface without distinctive direction while dendrites grew from cathode to anode. The 

analysis of film and dendrites from electron scanning spectrometry and X-ray photoelectron 

microscopy showed that the film consists of silver oxide and dendrites are silver only. The 

process of the silver electrochemical migration is progressed as follow: silver oxidation at 

anode to formation of silver ion; silver ion migration from anode to cathode through 

absorbed water layer (6-7 water monolayers); partial silver ion reduction to silver oxide with 

hydroxide from water electrolysis (film); other silver ion reduction to formation of silver at 

the cathode (dendrites) 50-52. 

New failure criterion on surface insulation resistance was proposed. In the IPC standard 

(IPC-TR-476A), the failure was defined as the surface insulation resistance below 106 ohm. 

New experimental findings showed that the component didn’t fail when resistance below 

the resistance, no electrochemical migration related products detected either 50-52. In 

addition, the surface insulation resistance immediately decreased to the order of 106 ohm 

when the metal-in-elastomer was conditioned in the highly accelerated stress testing 

(130C/85% RH/bias). Until SIR was below 105 ohm, the silver dendrites were observed. The 

resistance ultimately was within hundreds of ohms when the dendrites bridged the adjacent 

contacts. 

The new ECM process was proposed as: presence of moisture, anodic metal dissolution or 

ion generation and ion migration to cathode (electrochemical reaction), ion accumulation, 

and metal dendritic growth. The ion accumulation was found to be the rate controlling step 
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in which the surface insulation resistance degraded significantly when the ion concentration 

accumulated to a specific value. This added step explained the failure occurrence without 

dendritic formation/bridging and perfected the process. Time-to-failure (TTF) model 

considered these factors to estimate the failure time, including water adsorption, ion 

generation, ion migration, and ion accumulation. The dendritic growth was excluded from 

the model based on the experimental findings. Furthermore, incorporation of dendritic 

growth model with TTF model can be used to estimate time-to-permanent component 

failure, since the dendritic bridge creates a permanent conductive path between conductors. 

The ion-accumulation based model assumed that the silver discharged at the anode was 

directly proportional to the amount of electrical charge that passed through the electrode, or 

Faraday’s Law, the total mass of metal dissolution equaled the total mass of metal ions 

discharged into the electrolyte. Unlike the bulk resistance of conductive particles in 

elastomer 56, by use of Ohm’s law and Brunauer-Emmett-Teller (BET) model 57, the time-to-

failure model was given by, 

ܨܶܶ = ܨ݊ ×݉଴ܯ × ߚ × 1ܸ × (1 − 1](ܪܴ + (ܿ − ܪܴܿ[ܪܴ(1 × ݁(ா഑ோ்) 
Where s is the surface insulation conductivity, R is the resistance, m0 is the critical mass 

loss required to dissolve to reach the critical ion concentration when resistance decreases to 

value of failure criterion, V is potential, RH is relative humidity, n is chemical valence, M is 

the molecular weight, F and R are constant, , c and E are coefficient relevant to relative 

humidity, temperature and materials properties. Using this model, the time-to-failure is 

estimated for elastomer sockets. For silver in elastomer socket, the TTF can be simplified as, 

ܨܶܶ = 1.11 × 10ିହ × 1ܸ × (1 − ܪܴ(ܪܴ × ݁(଻଼ସ଺் ) 
Based on this model, the silver-in-elastomer socket fails in 150 hours after incubation in 

90C/90%/20 V conditions; while it can resist up to 27000 h in service at conditions of 

25C/50%/110 V. 

Another failure mechanism is called creep and stress relaxation due to viscoelastic elastomer 

as matrix in socket. As shown in Figure 2, the mechanical support fixed elastomer 

deformation as constant. As a result, the stress applied to the socket is expected to decrease 

gradually due to the stress relaxation of elastomer. To understand failure mechanism and its 

effect on contact resistance, the dynamic mechanical analyzer (DMA) was used to 

characterize elastomer stress relaxation. The chamber of DMA can control temperature by 

air gas and liquid nitrogen. Creep is performed by constant stress and stress relaxation by 

constant strain. The creep process is often categorized into three stages: primary creep (a 

stage of decreasing creep rate), secondary creep (a stage of constant creep rate), and tertiary 

creep (a stage of increasing creep rate). When the load is initially applied, there is an 

instantaneous elongation, a primary stage of a transient nature during which slip and work 

hardening occur in the most favorably oriented grains. Then there is a secondary stage of 

steady-state creep during which the deformation continues at an approximately constant 

rate. The third stage (tertiary stage) takes place when the stress is high enough that the creep 
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rate accelerates until fracture occurs 58. The results for the creep of the silicone elastomer are 

shown in Figure 3 (a). Both primary and secondary creeps are observed. The results show 

that the creep deformation increases with temperature. The constant creep rate during the 

secondary stage was also a function of temperature. 

Stress relaxation refers to the time-dependent contact force decrease under a constant strain. 

Figure 3 (b) plotted behavior of stress relaxation of elastomer under various temperatures. 

The significance of stress relaxation on elastomer socket is that contact resistance increases at 

a decreased contact force. It is thus important to derive the relationship time-dependent 

contact resistance due to stress relaxation of elastomer. Combination of stress relaxation and 

contact resistance, the time-dependent contact resistance model is derived 45, 

ܴ௖ = 2ඨߩ ଴[1ܨܪߨ − ݈݊ܤ ቀܥݐ + 1ቁ] + ଴[1ܨܪ௙ߪ − ݈݊ܤ ቀܥݐ + 1ቁ] 
Where the Rc is contact resistance,  is electrical resistivity (ohm.m), H is contact hardness, F0 

is initial contact force, t is time, and B, C are temperature dependent parameters, given by, ܤ = 1.20	 ×	10ିସܶ, and ܥ = 6.62	 ×	10ି଻ܶ݁భభయబ೅  (for silicon elastomer) 

The Rc – t can be used for estimation of contact resistance degradation of metal-in-elastomer 

socket for scheduled socket replacement. 

 

Figure 3. Elastomer creep (a) and stress relaxation (b) behavior at various temperatures. Dots: 

experimental data; solid line: fitted curve. Reprint and permission from 45 

4. Elastomer as substrate in microfluidics 

Elastomer is also one of popular materials for microfluidics application as substrate, micro-

valves, pumps 59-61. Elastomer can be easily patterned by curing on a micromachining mold 

as an alternative microfabrication technique. The soft lithography technique, which 
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generates micropatterns by contact printing and microstructures by embossing and replica 

molding, has been used to manufacture blazed grating optics, stamps for chemical 

patterning, and microfluidics devices 19, 62, 63. Different from photolithography technique 64, 

the soft lithography is not subject to the limitations set by optical diffraction and optical 

transparency, with feature size down to 10-100 nm. Soft lithography techniques is termed as 

‘multilayer soft lithography’ and developed by Quake et al. 59 in 2000. Briefly, multilayer 

structures were formed by bonding PDMS layers from separated cast in a micromachining 

mold. Since each layer has excess of one of the components, the reactive molecules remained 

at the interface form permanent bonding after further curing. They used such technique for 

development of microfluidic large-scale integration chips that contain plumbing networks 

with thousands of micromechanical PDMS valves and hundreds of individually addressable 

chambers. Their chips can be used to construct the microfluidic analog of a comparator 

array and a microfluidic memory storage device similar to the behavior of random-access 

memory. 

PDMS microfluidics have great potential to be biomedical applications which only require 

small amounts of sample, routine operation by untrained personnel and low cost 65. One of 

such examples was developed on a simple, inexpensive PDMS microfluidic diagnostic 

device, which performs sandwich immunoassays for medicine and biological studies 12, 63. 

Screws are used in the device as virtual valves to on and off fluids. The low-cost on soft 

lithography microfabrication and raw materials makes this device great potential for 

portable healthcare delivery and monitoring. PDMS microfluidics can be used for reagent 

mixing in microscale channel 66. The challenge for flow mixing in a small dimension is 

mainly due to the difficult liquid turbulence inside chip. By use of PDMS as microfluidics 

substrate, a topological structure can be fabricated to exploit the laminarity of the flow to 

repeatedly fold the flow and double the lateral concentration gradient in a compact chip. 

Two different solutions are contained in a T-junction, and fluid flow is repeatedly split, 

rotated, and merged 67. The chip design was obtained by a rapid-prototyping master mold, 

and results showed that effective mixing can be achieved on short length scales.  

PDMS microfluidics has applied to a variety of applications such as cell sorting, DNA sizing 

and sorting. DNA sequence is successfully performed in PDMS devices including sample 

preparation and electrophoresis analysis 14. PDMS has substantial advantages over glass or 

silicon dioxide substrates, since these latter materials were adhesive for the cells of interest. 

In addition, Chou et al. 68 developed a PDMS device for the sizing and sorting of restriction 

fragments of DNA based on single DNA molecule detection. The device sizes DNA on the 

basis of fluorescence intensity in which the DNA was labeled with fluorescence dye.  

PDMS device can be easily fabricated by non-covalent bonding or plasma treated permanent 

bonding after replica by molding. The PDMS microfluidics for capillary electrophoresis was 

developed by Effenhauser et al. 69 in 1997. They used replica molding to obtain PDMS device 

and bonded reversibly the device with a flat piece of PDMS. The performance of PDMS CE 

is not ideal on unmodified surface, especially for proteins/peptides analysis, due to 

hydrophobicity of the unmodified PDMS surface. Later, Whitesides et al. developed PDMS 

microfluidics device by a rapid prototyping and irreversible bonding through plasma 
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oxidation19. Different PDMS devices were developed to demonstrate separation 

performance of fluorescently labeled amino acids and proteins using capillary zone 

electrophoresis (CZE) and gel electrophoresis (GE).  

One-dimensional sodium dodecyl sulfate (SDS) capillary gel electrophoresis (CGE) can be 

also performed in PDMS microfluidics due to its versatile surface chemistry. PDMS surface 

is treated by UV-Ozone so that it could immobilize other hydrophilic molecules to prevent 

electroosmotic flow and protein/peptide non-specific binding. For complex cell lysate 

analysis, isoelectric focusing (IEF) can be interfaced with SDS-CGE as the first dimension 

separation. What makes PDMS special for IEF-SDS/CGE is because of conventional 

procedures for fabricating 3-D microfluidic channels 70, and the facility with which PDMS-

based devices can be readily assembled and disassembled. For example, after IEF 

separation, the PDMS was disassembled and connected with a 3-D channel for SDS/CGE. 

Recent development on 2-D IEF-SDS/CGE showed that other thermoplastic would be better 

substrate of choice for integrated 2-D complex cell lysate analysis 71, 72. 

The design of elastomer microfluidics can be made based on these studies 71-73. The 

electrokinetic injection of defined sample plugs within single dimension microfluidic 

systems has been extensively studied, with the most widely used injector configurations 

including the cross, double-T, and triple-T topologies 74, 75, and extended configurations 

employing continuous sample injection leveraging flow switching techniques. Floating 

injection and pinched-injection methods 76, 77 have been employed in simple cross-injectors 

for the controlled definition of small sample plugs, while double- and triple-T designs are 

generally employed for the introduction of larger sample volumes. Sample leakage 78 was 

observed in a 2-D device during sample injection which was the central issue for separation 

performance as shown in Figure 4. After the desired sample plug has been transferred to the 

separation channel, additional samples enter the injection region due to diffusion and 

fringing of the electrical field during the electrokinetic transfer process. The excess sample 

tailing degrades separation performance. To solve this issue, backbiasing is a commonly 

used to eliminate sample leakage. Practically, bias voltages can be applied to sample inlet 

and waste reservoirs, electrokinetically pulling back excess sample from the injection zone. 

The effective of this approach depended on the accurate selection of backbiasing bias. This 

requires characterization of device geometry, medium in device, and buffer resistivity. A 

few groups 49, 72, 79 have proposed 2-D chip designs consisting of an array of second 

dimension separation channels aligned with an identical number of injection channels on 

the opposite side of the first dimension microchannel, a more efficient design for spatially 

multiplexed 2-D separation chips is shown in Figure 4 (a). The design consists of a single 

first dimension separation channel intersected by multiple second dimension separation 

channels on one side, and sample injection channels on the opposite side, with the 

injection channels staggered with respect to the separation channels to ensure complete 

and simultaneous sampling of species separated in the first dimension channel. In  

this staggered design, the parallel second dimension microchannels may be regarded as  

an array of double-T injectors operating in parallel. However, unlike the single-channel  

case, the double-T injectors are not electrically isolated in the multidimensional system.  
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Figure 4. Schematic diagram of two-dimensional capillary electrophoresis microfluidics design with (a) 

simplified device of a spatially-multiplexed separation platform with five second dimension 

microchannels, and (b) image during the sample transfer process using a fabricated chip without 

backbias channels. Reprint and permission from 71 

This interconnected design can result in significant variations in performance between the 

different injectors, as depicted in Figure 4 (b). In this image, the sample within the first 

dimension channel is being electrokinetically transferred into the second dimension channel 

array by applying a uniform bias voltage in the injection channel reservoirs while grounding 

the second dimension reservoirs. Three main features are evident in this injection process. The 

substantial tailing of sample occurs at the head of each second dimension channel, resulting in 

sample dispersion during transfer; in all but the center second dimension channel, the injection 

is highly asymmetric, reflecting a non-uniform electric field distribution within the first 

dimension channel; sample from the outermost regions of the first dimension channel 
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continually leaks into the second dimension array due to a combination of diffusion and 

electric field fringing, leading to additional tailing which can continue long after sample from 

the center region of the first dimension channel has been fully transferred separation devices . 

The solution for unsymmetrical injection and tailing was proposed by adding backbias 

channel s parallel to the separation channels as shown in Figure 4 (b) 70. Analytical calculation 

indicated that two-fold of resistance in the backbias channel generated uniform current and 

potential distribution in the 2-D channel network, not only in 1-D channel, but also injection 

and separation channels. Additionally, the angled 1-D channel can level the electric field 

distribution in the local region of T intersection. As a result, the angled 1-D channel 

substantially reduced sample tailing with negligible effect on the first dimension separation. 

These design perspectives have been used for complex biological sample analysis. 

Use of PDMS for liquid chromatography has been limited largely due to its low bonding 

strength 80 and high gas/liquid permeability 81. It was reported to fabricate column in a device 

using PDMS 82-84. Since PDMS is inexpensive and thus it can be fabricated as a disposable 

column, it can be used as a stationary phase in liquid chromatography columns. The siloxane 

monomer was added into a molding to formation of desired features. The featured PDMS was 

reversibly sealed with cover PDMS by placing the molded chip in contact with cover PDMS, or 

irreversibly sealed by plasma oxidation. The PDMS chip was treated with silanes to minimize 

sample non-specific absorption. In general, PDMS is not the good materials of choice for high 

performance liquid chromatography. In such instance, other thermoplastics such as polyimide 

(PI) 85, fuse silica capillary 75, cyclic olefin copolymer (CoC) 86, are recommended. 

Droplets formed by mixing one fluid in another or emulsions are very useful in a wide 

range of applications including personal care products, foods, microbiology, cell biology, 

and drug delivery vehicles 87, 88. It has been recognized that a successful droplet device for 

applications is able to control over size and distribution in microscale and nanoscale 

emulsions 88. Droplet formation can be obtained by either turbulence to break apart an 

immiscible mixture or continuous flow. PDMS devices for micro-droplet formation are 

fabricated by soft lithography in a molding. The native PDMS surface is usually 

hydrophobic and excellent surface for water-in-oil emulsions. The hydrophobic PDMS 

surface ensures that the oil droplets encapsulation of water phase inside without being 

contacted the PDMS channel walls 89, 90; while hydrophilic PDMS surface can be used for oil-

in-water droplets and biological sample analysis 91, 92. Several surface modifications have 

been reported by the sequential layer-by-layer deposition of polyelectrolytes yielding 

hydrophilic microchannels. Others used oxygen-plasma and oxygen-C2F6 to modify PDMS 

surface in order to enhance hydrophilicity and reduce channel electroosmotic flow (EOF). 

Alternatively, use of chemical modification, e.g., 2-hydroxyethyl methacrylate (HEMA), can 

permanently enhance PDMS hydrophilicity 91. In layer-by-layer (LbL) surface modification 

approach, segments of sodium chloride, poly(allylamine hydrochloride), and poly(sodium 

4-styrenesulfonate) solutions are separated by air plugs and loaded into a piece of tubing 

and sequentially flushed through the channel at a constant flow rate. This LbL modification 

provides long storage time up to 5 months without noticeable behavior change of droplet 

formation. The LbL modified PDMS device can be used for water-oil-water double emulsion 

system for applications such as pharmaceutical compound delivery. 
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An interesting PDMS device for static microdroplet arrays is fabricated to droplet trapping, 

incubation, and release of enzymatic and cell-based assays 93. They simply used a single-

layered PDMS microfluidic structure. The aqueous droplets are trapped en masse and 

optically monitored for extended periods of time. The array droplet approach is used to 

characterize droplet shrinkage, aggregation of encapsulated biological cells and enzymatic 

reactions. On the other hand, to optimize the droplet formation, a design which use 

feedback control loop is developed 88. They successfully demonstrated that the closed loop 

control system with negative feedback can produce the required droplet size with minimal 

noise and no systematic steady sate error. This close-loop design is utilized for a number of 

applications, including micro-chemistry and emulsion production. 

5. Outlook of elastomer application 

The application of elastomer is being continuously exploited. The future of elastomer is closely 

related to the specific requirement on applications. One of the hot topics is development of 

nano- and microfluidics for assisted reproductive technologies 94. For example, the studies 

have demonstrated that thickness of PDMS layers at 100 µm in chips produced significantly 

fewer embryos due to drastically shift in osmolality of embryo-culture media. It could be the 

solution by development of a hybrid membrane consisting of PDMS-parylene-PDMS for 

maintaining a stable cell growth environment. Therefore, investigation of new type of PDMS 

materials or hybrid PDMS can provide means for such applications.  

Due to the low bonding strength, PDMS has seldom used for high performance liquid 

chromatography application (HPLC). The HPLC can be directly interfaced with detection 

system such as electrospray ionization or mass spectrometry. As a result, it becomes 

research of interest to synthesize PDMS which has strong bonding strength (via covalent 

bond) and low permeability, while PDMS optical transparency and elasticity are largely 

remained. In summary, PDMS is becoming more and more popular as the materials of 

choice for biological analysis due to its good physical, mechanical, and chemical properties, 

as well as its excellent biocompatibility. 

A thermoplastic rubber material has recently been developed that can completely mend 

itself when the fracture interfaces are rejoined and left to heal for a moderate time 95. This 

“smart” rubber is easy to synthesize and displays excellent mechanical properties. This 

material could be used for microelectronics, microfluidics and biology system. 
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