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The concept of reducing laboratory operations in scale such that they fit on 

a microfluidic chip has been met with great enthusiasm. Lab-on-a-chip devices 

promise to be cost effective to operate due to reduced reagent consumption, have 

the potential to offer shorter analysis times due to their short path lengths, and may 

be useful in biological applications in that they are inherently compact and 

inexpensive to build, thus they may be disposable. In this work, a series of 

fabrication techniques for the production of polymer-based microfluidic devices 

are explored. 

In the first component of this research effort an aluminum mold was 

fabricated using CNC machining to create the desired microchannel design, 

followed by a two-stage embossing process, involving two polymer substrates 

with different glass transition temperatures (Tg), polyetherimide (PEI; Tg~216oC) 

and poly(methyl methacrylate) (PMMA; Tg~105oC). Successful feature transfer 

from aluminum mold to PMMA substrates was achieved reproducibly employing 

this method. With this approach, the expensive process of producing the aluminum 



master need be performed only once. Electrophoretic separations of fluorescent 

dyes, rhodamine B and fluorescein were performed on the PMMA microchips, 

with peak efficiencies of 55500 and 66300 theoretical plates/meter, respectively. 

The next stage of work explored a new bonding method by solvent welding 

using ice as sacrificial layer to prevent channel deformation. Water is one of the 

most compatible sacrificial media; it is readily available, non toxic, has a low 

evaporation rate, a high freezing point relative to the bonding solvent, and a low 

melting point which makes it easier to flush out after sealing, as compared to using 

other sacrificial media (paraffin wax or low-melting temperature alloys). The 

bonded PMMA microchips could withstand an internal pressure of > 2000 psi, 

more than 17 times stronger than the thermally bonded chips.  

In the final stage of work a new bonding technique was developed that 

readily produces complete microfluidic chips, without the need of a sacrificial 

layer to form complete multilayer microfluidic devices. Also developed was the 

use of an SU-8 master in the two-stage embossing process to create microchannels. 

This approach is faster, simpler and less costly than CNC machining. The 

fabrication technique was utilized to build a microfluidic liquid chromatography 

(LC) system that was shown to generate high separation efficiencies of 10,000-

45,000 plates/m. In addition, a passive micromixer containing high-density 

microfeatures was fabricated to perform a glycine assay using O-phthaldialdehyde. 

With glycine concentrations ranging from 0.0 to 2.6 µM, a linear calibration plot 

(R2 = 0.9982) was obtained with a detection limit of 0.032 µM. 
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Design and Fabrication of Polymer-Based Microfabrications 

 

Chapter 1: Introduction 

 

1.1 Introduction 

The area of biological and chemical analysis is in the midst of a 

miniaturization effort that has come to the force in the last few decades. 

Microfluidic systems, also referred to lab-on-a-chip or micrototal analysis systems 

(µTAS) hve progressed rapidly in the last decade and these systems offers 

promising analytical tools that may transform routine chemical analysis in the 

future. The underlying concept of this development is to manipulate and analyze 

fluids in micro-sized channels. In microfluidic research, various fluid manipulation 

components (i.e. pumps, valves, filters, mixers), analytical separations and 

detection techniques (i.e. electrophoresis, chromatography, fluorescence, 

electrochemical detection) can be implemented and integrated into a single device 

for a complete on-chip analysis. The application of microfluidic technologies is of 

considerable interest because of advantages gained from miniaturization. 

Miniaturization allows for a reduction in the size of each instrument component, 

may enable more rapid analysis, may enhance the rate of synthesis due to short 

mixing times, will lead to reduced sample and reagent consumption, provides for 

reduced waste generation, allows parallel operation for multiple analyses, and 

leads to enhanced portability of the device.  
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Since the introduction of lab-on-a-chip devices in the early 1990s, glass has 

been the dominant substrate material, and these glass chips were fabricated using 

micromachining techniques borrowed from the semiconductor industry. This is 

primarily driven by the fact that the glass device fabrication methods were 

straightforward and well established, and the optical properties, surface stability, 

and solvent compatibility of glass have certainly been beneficial. While the 

material properties of glass make it very attractive for use in microfluidic systems, 

the high cost of producing systems in glass have driven commercial producers to 

seek alternative materials. In addition, micromachining in glass involves the use of 

wet and/or dry etching, photolithography, and often electron beam lithography, all 

of which require the use of clean room facilities.[1-3] 

By 1997, when commercial ventures began to invest in microfluidic 

technologies, interest in the use of polymers and plastics as alternate fabrication 

materials began to increase. Commercial manufacturers of microfluidic devices 

saw many potential benefits in employing plastics to reduce cost and simplify the 

manufacturing process, particularly when compared to silicon and glass 

fabrication. Moreover, the wide range of plastics available allows the manufacturer 

to choose material properties suitable for their specific applications.[1] 

Many microfluidic devices require footprints that are typically several cm2 

in size to achieve either long separation channel length or a high parallelization of 

their functions. Therefore, cost plays an important role in high volume production. 

For example, polymers like poly(methymethacrylate) (PMMA) cost on the order 

of 0.2-2 cents cm2, while boro-float glasses (e.g. PyrexTM, Corning Inc., Corning, 
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NY, USA) are of the order of 10-20 cents cm2, boro-silicate glasses (e.g. Schott 

B270, Schott North America, Elmira, NY, USA) are approximately 5-15 cents 

cm2, and photostructurable glasses (e.g. Schott Foturan) are approximately 20-40 

cents cm2. Moreover, the fabrication of glass devices often involves many complex 

processes (cleaning, resist coating, photolithography, development, wet etching) 

and dangerous reagents (e.g. hydrofluoric acid). Process costs can be significant 

due to the reagents involved and waste disposal.[3] 

 

1.2. Polymer materials 

The benefits of direct application of existing mass replication technologies, 

such as hot embossing and injection molding; as well as methods for rapid 

prototyping including casting or laser machining, place polymers among the most 

promising materials for microsystem technologies. The mechanical properties of 

polymer materials, their optical characteristics, temperature stability, chemical 

resistance, and biocompatibility, are also supportive of the application of these 

materials to microfluidics. Therefore, properties of the materials are important 

parameters to be considered in the fabrication process and the application of the 

resulting devices. 

 

1.2.1. General properties of polymers 

Polymers are large molecules (macromolecules) composed of connected 

repeating structural units.  Polymers have molecular masses between 10,000 and 

100,000 Da and may have more than 1000 monomeric units. Most polymers are 
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amorphous and in some cases microcrystalline, where the length of the polymer 

chain is larger than the size of the crystallite. The chain lengths of polymers vary 

in bulk materials, therefore, a polymeric material doesn’t have an exact melting 

temperature. For polymers there is a range of temperatures through which the 

viscosity changes and the material transistions to a highly viscous mass. 

Decomposition temperature is another characteristic point, above which the 

thermal cracking of the material begins.[3]  

A parameter of particular interest in synthetic polymer manufacturing is the 

glass transition temperature (Tg). Many of these high molecular mass substances 

solidify after cooling to below the glass transition temperature, resulting in hard, 

brittle, glass-like materials. The glass transition temperature is the temperature 

range through which the polymer substrate changes from a rigid glassy material to 

a soft (yet not molten) material. The   melting temperature is the temperature at 

which the polymer flows, and usually occurs at a much higher temperature than Tg. 

Cross-linked polymers and thermoplastics that contain very long polymer chains 

with strong intermolecular attractions do not melt and flow, but remain soft until 

they decompose. Glass transition temperature is a critical parameter in the 

fabrication process. At temperatures above Tg, the materials become plastic-

viscous, facilitating the molding process. Demolding of the materials has to be 

performed below the Tg of the material, otherwise the geometric stability will 

suffer due to relaxation during demolding. 
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In general, polymers can be categorized into three classes based on their 

molding behavior, as determined by the interconnection of the monomer units in 

the polymer chains.[3] 

(i) Thermoplastic polymers 

These polymers consist of weakly linked or unlinked chain molecules. 

At a temperature above Tg, these materials behave as plastics and can 

be molded into specific shapes. They will retain their shape when 

demolded below Tg. 

(ii) Elastomeric polymers 

These polymers are also weakly cross-linked polymer chains. When an 

external force is applied the molecular chains can be stretched; when 

the force is removed they relax and return to their original state. 

(iii) Duroplastic polymers 

The polymer chains are cross-linked more strongly in these materials, 

resulting in limited molecular movement and shape change. They are 

harder and more brittle compared to thermoplastics, and soften very 

little before they reach their decomposition temperature. 

 

 To date, a wide variety of polymer materials have been used for 

microfabrication processes. Standard polymer materials include polyamide (PA), 

polybutylenetherepthalate (PBT), polycarbonate (PC), polyethylene (PE), 

polymethylmethacrylate (PMMA), polyoxymethylene (POM), polypropylene (PP), 

polyphenylene ether (PPE), polystyrene (PS), polysulfone (PSU), 
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polyetheretherketone (PEEK), and polyetherimide (PEI). PC and PMMA are the 

most commonly used materials for microfabrication through hot embossing and 

injection molding. A newer material, cycloolefin copolymer (COC), also seems 

very promising for microfabrication given its chemical stability and optical 

transparency.[4-5] 

The physical and chemical properties of the most commonly used 

thermoplastics materials for micromolding are listed in Table 1.1 and Table 1.2.  

 

Table 1.1. Basic physical properties of polymer materials.[3] 

Thermoplastic materials Density 
(x103 kg/m3) 

Glass 
temp. 

Tg (oC) 

Permanent 
temp. of use 

(oC) 

Thermal 
conductivity 
λ (W/mK) 

Linear 
expansion 

coefficient α 
(10-6 /K) 

Polyamine 6 (PA 6) 1.13 60 80-100 0.29 80 
Polyamide 6.6 (PA 6.6) 1.14 70 80-120 0.23 80 

Polycarbonate (PC) 1.2 150 115-130 0.21 65 
Polyoxymethylene (POM) 1.41-1.42 -60 90-110 0.23-0.31 90-110 

Cycloolefin copolymer 
(COC) 

1.01 138 N/A N/A 60 

Polymethylmetharcylate 
(PMMA) 

1.18-1.19 105 82-98 0.186 70-90 

Polyethylene low density 
(PE-LD) 

≤ 0.92 -10 70 0.349 140 

Polyethylene high density 
(PE-HD) 

≤ 0.954 - 90 0.465 200 

Polypropylene (PP) 0.896-0.915 0-10 100 0.22 100-200 
Polystyrene (PS) 1.05 80-100 70 0.18 70 
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Table 1.2. Basic chemical properties of polymer materials.[3] 

Thermoplastic materials Solvent resistance Acid and alkaline 
resistance 

Trade name 

Polyamine 6 (PA 6) Resistant against: ethanol, 
benzene, aromatic and 
aliphatic hydrocarbons, 
mineral oils, fats, ether, 
ester, ketones 

Not resistant against: 
diluted and 
concentrated mineral 
acids, formic acid 

Perlon 
Durethan 
(Bayer) 
Ultramid 
(BASF) 

Polyamide 6.6 (PA 6.6) Same as above Same as above Nylon  
Nylind (DuPont) 
Celanese 
(Ticona) 
Ultramid 
(BASF) 

Polycarbonate (PC) Resistant against: water, 
benzene, mineral oils 
Conditionally resistant 
against: alcohols, ether, 
ester 

Resistance against: 
diluted mineral acids 

Makrolon 
(Bayer) 

Polyoxymethylene (POM) Resistant against: fuels, 
mineral oils, usual solents 

Not resistant against: 
anorganic acids, acetic 
acid, oxidating 
solvents 

Hostaform 
(Hoechst) 

Cycloolefin copolymer 
(COC) 

Resistant against: acetone, 
methylethylketone, 
methanol, isopropanol 

Resistant against: 
diluted and 
concentrated mineral 
acids and alkalines, 
30% H2O, 40% 
formaldehyde, 
detergents in water 

Topas (Ticona) 
Zeonex (Nippon 
Zeon) 

Polymethylmetharcylate 
(PMMA) 

Resistant against: water, 
mineral oils, fuel, fatty oils 

Resistant against: up to 
20% diluted acids, 
diluted alkalines, NH3 

Plexiglas 
(Rohm) 
Lucryl (BASF) 
Perspex (ICI) 

Polyethylene (PE) Resistant against: alcohols, 
benzene, toluene, xylene 

Resistant against: NH3, 
diluted HNO3, H2SO4, 
HCl, KOH, NaOH  

Lupolen (BASF) 

Polypropylene (PP) Resistance against: diluted 
solutions of salts, 
lubricating oils, 
chlorinated hydrocarbons, 
alcohols 

Resistant against: most 
diluted acids and 
alkalines 

Hostalen 
(Hoechst) 

Polystyrene (PS) Resistant against: alcohols, 
polar solvents 
Nor resistant against: 
ether, benzene, toluene, 
chlorinated hydrocarbons, 
acetone, ethereal oils 

Resistant against: 
diluted and 
concentrated acids 
(except HNO3) and 
alkalines 

Polystrol 
(BASF) 
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Chemical resistances, mechanical and UV stabilities, and aging are some of 

the important parameters that must be considered when selecting the appropriate 

polymer for a specific application. As an example, laser induced fluorescence 

(LIF) is the most commonly employed detection method in polymer-based 

microfluidic devices. However, polymer materials generally have higher 

autofluorescence than glass substrates, which can lead to reduced sensitivity. 

Therefore, in applications where LIF detection is employed, picking appropriate 

materials such as PMMA and special grades of PC, which have shown 

autofluorescence not much greater than that of standard borofloat glass, is a critical 

step that must be taken into consideration. 

 

1.3. Microfabrication methods 

In glass substrates, due to the isotropic nature of the etching process, only 

shallow, mainly semicircular channel cross sections are possible. In many 

applications, however, other channel cross-sections are desirable, including high 

aspect ratio square channels, channels with a defined but arbitrary wall angles, or 

channels with different heights. 

There are a variety of methods that are available for the fabrication of 

microfluidic devices, including wet etching, reactive ion etching, machining, 

photolithography, soft lithography, hot embossing, injection molding, laser 

ablation, and plasma etching. As a general rule, the selection of a fabrication 

method is determined by several factors, including the available technologies and 
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equipment, cost, speed, fabrication capabilities, and the preferred material 

substrates.  

 

1.4. Soft Lithography 

The introduction of the elastomeric polymer molding technique of soft 

lithography was a significant development in the field of microfluidics. The  

process starts with the fabrication of a master mold, usually in silicon. Features are 

patterned on the silicon master using a photoresist (a photo-active polymer used in 

photolithography, i.e. SU-8), and then exposed to UV-light. The elastomeric 

polymer, specifically polydimethylsiloxane (PDMS), is then cast on the master 

mold and allowed to cure. After curing, the PDMS can be peeled off the mold. An 

advantage of using PDMS is that separate layers of PDMS are easily sealed to 

each other, to other plastics, or to glass substrates by conformal contact (a 

reversible process). Irreversible (permanent) bonding can be achieved by exposing 

PDMS to an oxygen plasma or other strong oxidizing source prior to bonding. Soft 

lithography offers several advantages, including low cost, rapid processing, 

reusability of the SU-8 master, and simple bonding procedures. In spite of its 

advantages, PDMS also has some drawbacks that limit its use in some 

applications. For example, PDMS is gas permeable (unsuitable for oxygen-

sensitive reactions) and has limited compatibility with organic solvents. 
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1.4.1 Photoresists 

Photoresists are photon-sensitive polymers that are typically coated onto a 

carrier substrate (silicon or another polymer), masked with a transparency mask 

that contains the pattern features of interest, and irradiated using an emissive 

source (electron, ion, X-ray, UV or visible light source) that leads to a 

photochemical reaction of the resist material. In positive tone resists, the solubility 

of the irradiated areas increases relative to the unexposed regions, while in 

negative tone resists it decreases. The irradiated or non-irradiated areas, 

respectively, are then removed by a developer. The most commonly used negative 

photoresist for micromachining is SU-8, which has the ability to form very thick 

(~1 mm), high aspect ratio features in a single layer. SU-8 is a multi-functional 

epoxy resin consisting of low molecular weight polymers, and is sensitive to UV 

light, X-rays and electrons. When SU-8 is exposed to the appropriate source, the 

polymer chains cross-link to form a chemical and temperature-resistant material 

with high mechanical strength, while unexposed regions are soluble in organic 

developer solutions.  

 

1.5. Replication technologies 

The promise of polymer-based microfluidic devices lies in the low cost of 

the manufacturing process. Replication technologies are suitable in this 

application, and these processes have been widely applied in the macro world. In 

microfabrication, replication of the master mold which represents the negative 

(inverse) features of the desired product needs only to be accomplished once. 
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Therefore, the expensive and time-consuming process used to produce the master 

mold needs to be performed only once, followed by replica molding which may be 

accomplished many times into polymer substrates. Another benefit offered by 

replica molding is is design freedom. The master can be fabricated using any of a 

wide selection of microfabrication techniques that allow various geometries to be 

realized. 

 

1.6. Master fabrication 

1.6.1 Micromachining 

Modern micromachining also has undergone miniaturization efforts that 

are capable of producing master molds with features in the range of a few tens of 

µm. The advantage of using this method is the wide range of materials that can be 

machined using this approach, many of which are not accessible to other 

microfabrication technologies. Stainless steel is a particularly suitable material for 

this technique. It offers long a mold lifetime and rapid development since no mask 

and lithography step is required.  This method is well-suited for creating simple 

channel structures, i.e. single straight-channel and a simple cross-channel devices.  

 

1.6.2. Electroplating 

Electroplating is the most commonly used method for master fabrication, 

and involves an electroplating step in which features are generated using nickel or 

a nickel alloy such as NiCo or NiFe. The process starts with photolithography, 

using the photoresist to define the areas to be electroplated. After the exposure and 
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development steps, the electroplated layer is grown in the resist-free area. The 

setup is placed in a galvanic bath where, due to the migration of metal ions 

between the bath and the conducting layer, metal traces grow in pattern defined by 

the resist structure. The resist is then dissolved to yield the final metal master. The 

slow growth rate of nickel in the electroplating process (typically 10-100 µm/h) is 

the rate limiting step of this process. 

 

1.6.3. Silicon micromachining 

Since silicon has suitable material properties for fabrication of a master 

mold, several micromachining techniques have been developed to make silicon 

master templates. Wet etching creates a trapezoidal channel which allows for good 

mold release, and the well oriented monocrystalline silicon wafer gives excellent 

surface smoothness. However, the cross section of the channel is limited to the 

trapezoidal geometry dictated by the etching process. Dry etching methods, i.e. 

reactive ion etching (RIE) and advanced silicon etching (ASE), allow deep 

structures with vertical side walls to be fabricated, although the surface roughness 

depends largely on the etch rate. All silicon surfaces used as master molds have the 

same potential problem when used for replica molding of plastics: stiction due to 

surface chemistry complementarities. Yet another option, DEEMO (deep etching, 

electroplating, molding) is a combination of silicon etching and electroplating, 

where the micromachined silicon is used as a base for a later electroplating 

process. 
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Table 1.3. Comparison of different methods available to fabricate the master 
mold.[3] 

Technology Choice 
of 

geometry 

Minimum 
feature 

size 

Height Total 
surface 

area 

Aspect 
ratio 

Lifetime Cost Availability 

Wet silicon 
etching 

- + 0 + + - + + + + 

Dry silicon 
etching 

+ + + + + + + - 0 + 

Optical 
lithography & 
electroforming 

+ + + + + + 0 + 0 0 

Laser ablation 
& 

electroforming 

+ + + + - + + - - 

LIGA + + + + + - + + + - - - - 
Micromachining + 0 + + 0 + + - - 

µ-EDM - 0 + - + + + - - 
+ + very good, + good, 0 average, - bad, - - very bad 
 

1.7. Fabrication techniques 

1.7.1. Hot embossing 

Hot embossing has been one of the most widely applied replication 

processes for microchannel fabrication. The process is rapid, inexpensive, simple 

and straightforward. After fabrication of the master mold, a hard plastic material is 

placed in contact with the mold and the stack is then placed in a hydraulic press. 

The polymer substrate is heated to just above the Tg and pressure is maintained 

while the temperature is cooled to below the polymer Tg.  

The thermal expansion coefficient of a material describes the extent of  

change in length or volume resulting from a change in temperature. To minimize 

thermally induced stresses in the material and replication errors due to different 

thermal expansion coefficients of the master mold and the substrates, the thermal 

cycle should be as small as possible. Many types of polymers, such as PMMA, PC, 
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PS, COC, PVC, and PETG have been successfully imprinted with excellent 

reproducibility by hot embossing when the thermal cycle is carefully selected. 

The replication capability of the embossing method is limited by the 

process used for fabrication of the master (e.g. micromachining or LIGA).  Most 

embossed channel systems are one–layer planar structures. Fabrication of the 

embossing master can be a time consuming process, making it unsuitable for 

prototyping a few devices for testing. This limitation can be overcome with the 

novel fabrication techniques described in the later chapters in this dissertation. 

Rapid prototyping can be achieved by lithographic patterning of SU-8 masters on 

solid supports to create the master mold. The bonding process used to layer-up 

devices can be simplified, and multi-layer structures can be achieved using a novel 

vaporized solvent welding technique. 

 

 

 

Figure 1.1. Schematic of a hot embossing press.[3] 
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1.7.2. Injection molding 

Injection molding is a widespread standard process in the macroscopic 

world, and can be used to form almost any geometry in thermoplastic materials 

with dimensions in the millimeter to centimeter range. This process has been 

applied to the manufacture of microfluidic devices. The injection molding process 

starts with a pelletized raw polymer material which is fed into a cylinder with an 

indwelling heated screw where the pellets melt. The molten material is then 

injected under high pressure into the master mold. An advantage of injection 

molding over hot embossing is the ability to create three-dimensional structures; in 

addition, pre-formed elements can be embedded into ensuing components during 

the molding process.  

 

 

Figure 1.2. Diagram of an injection molding apparatus.[3] 
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1.7.3. Casting 

The process of casting microfluidic chips using silicone-based elastomers 

has found widespread use in the academic environment. Casting offers low cost 

access to planar microchannel structures. The most commonly used material of 

manufacture is poly(dimethylsiloxane) (PDMS) which offers reasonably useful 

optical properties (a high degree of transparency above 230 nm, and little auto-

fluorescence). To make a device, a mixture of the elastomer and a curing agent is 

poured on the master mold and cured for several hours. After curing, the soft 

elastomer can simply be peeled off the mold and placed on a planar surface, i.e. 

plastic or glass slide to form a microchannel by conformal sealing. 
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Figure 1.3. Schematic of microfluidic devices replica molding using PDMS. (A) 
Master is fabricated by rapid prtototyping. (B) Posts are positioned on the master 
to define reservoirs. (C) Prepolymer is cast on the master and cured. (D) PDMS 
replica is removed from the master. (E) Exposing the replica and an appropriate 
material to air plasma to form an irreversible seal.[6]  
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1.7.4. Laser photoablation 

In this process, a pulsed UV source is exposed to a polymer material, and 

the absorption of the light induces bond-breakage in the polymer backbone. 

Polymer ablation is due to either photodegradation or thermal degradation, or 

combination of the two. In this process, the local temperature of the polymer 

surface can be very high (427 oC for PMMA) where particles are ejected from the 

substrate creating a channel. Excimer lasers with emission of 193 nm (ArF) and 

248 nm (KrF) are both effective in polymer ablation. Effective ablation largely 

depends on the polymers absorption at the wavelength of the laser. The advantage 

of this method is that a mask is not required since the design path can be written 

directly. The disadvantage is that the parts are made in a sequential manner, which 

in turns limits the mass production of devices for commercial applications. 

 

Figure 1.4. (A) UV laser micromachining process. UV excimer laser pulse 
reapidly breaks chemical bonds and ejection of ablated material. (B) Laser ablated 
microchannel.[3,7]  
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Table 1.4. An overview of a variety of molding technologies.[3] 

Process Materials Costs Cycle time Forces & 
Temperatures 

Automation Geometry 

Hot 
embossing 

Thermoplastics  
 

Low -
medium 

Medium-
long 

 
High (kN) 

 
Around Tg 

(100-200 oC) 

 
 

Little 

 
Planar, i.e. 

wafers, 
plates 

 Duraplastic 
thin films 

 

(3-10 min) 

Injection 
molding 

Thermoplastic  
High 

Short-
medium 

High 
 

 
Yes 

 
Bulk, 

spherical  Duroplastics 
 

(0.3-3 min) Above melting 
(150-400 oC) 

Casting Elastomers  
 

Low 

Long No forces 
 

 
 

Little 

 
 

Planar  Epoxies (min-hrs) Room 
temperature-80 

oC 
 

1.8. Bonding 

Another major challenge for polymer-based microfluidic devices is to the 

process of bonding parts together or layering-up. Bonding is a necessary step for 

formation of microchannels. Various techniques have been reported for bonding 

polymer-based microchips. After channel fabrication, the microchannels (which 

are normally open on the mold-contacting side), must be sealed to form a complete 

channel; the challenge is to achieve this seal without clogging or altering the 

dimensions of the channel pattern during the sealing process. This step often is the 

limiting challenge for high volume fabrication methods. Several bonding methods 

have been reported and are reviewed here. 

 

1.8.1. Lamination and gluing 

In the lamination process, a thin PET foil (~30 µm) coated with a melting 

adhesive layer (5-10 µm) is rolled onto the structure with a heated roller. The 

adhesive layer melts in this process and combines the capping foil with the channel 
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plate. However, with the very small channels that are typical of microfluidic 

devices, the adhesive tends partially or fully occlude the channel, and due to the 

differences in the materials used, an inhomogeneous interface between the capping 

layer and the channel is created. This leads to parameter variability, such as 

changes in refractive index at the interface. Gluing is similar to the lamination 

process, where adhesives can be used to cap the channels. The same problems 

encountered with lamination can and do occur with glue-ups, where smaller 

channels may be clogged during the process. 

 

1.8.2. Thermal and pressure bonding 

Various thermal bonding methods have been used because they allow the 

formation of microchannels with uniform surfaces composed entirely of the same 

materials. The microchannel is sealed by placing two pieces of identical material 

(one having the embossed or otherwise rendered features) in contact with one 

another in a thermal press, heating the stack and applying pressure. Careful 

approach must be taken not to damage the channel structure, since a slight 

variance of the temperature and pressure may cause microchannel deformation and 

affect the reproducibility. 

 

1.8.3. Laser and ultrasonic welding 

Microchannels can be sealed by local melting of the polymers due to heat 

generated by a laser – termed laser welding. In this instance, the margins of the 

features to be sealed must be traced by the laser, which in the case of 
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microchannels amounts to comparatively large distances, resulting in long welding 

times. 

Ultrasonic welding results in fusion of two polymer layers, where a local 

melting of the polymer is achieved by the energy density of an ultrasonic sound 

wave. To date, there is no known direct application of this technique to the 

fabrication of microfluidic devices. These bonding techniques require very clean 

processing conditions, as particle contamination will dramatically reduce the bond 

quality. 

 

1.8.4. Solvent welding 

Solvent bonding has been reported to result in a high-strength bonding 

microchips. Of particular interet in microfluidics, a solvent bonding technique for 

sealing microfluidic channels was developed by the use of a sacrificial layer, 

intended to protect the features from the solvent during bonding. Prior to device 

sealing, the channel in the embossed layer was filled with a molten liquid (paraffin 

wax) that formed a solid sacrificial layer at room temperature. The sacrificial layer 

prevented the bonding solvent from filling the channels. Once the seal was formed, 

the sacrificial layer was melted and removed, leaving an enclosed microfluidic 

channel. Since the bonding process is performed at room temperature, thermal 

distortion of the microstructure can be avoided. The solvent bonding method has 

proven to result in greatly increased adhesion strength of the microchip devices.  
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2.1. Abstract 

A two-stage embossing technique for fabricating microchannels for 

microfluidic devices is presented. A micro-machined aluminum mold is used to 

emboss a polyetherimide (PEI) substrate with a relatively high glass transition 

temperature (Tg). The embossed PEI is then used as a mold for embossing an 

amorphous polyethylene terephthalate (APET) substrate with a lower Tg.  The 

resulting APET substrate has the same features as those of the aluminum mold.  

Successful transfer of features from the aluminum mold to the APET substrate was 

verified by profilometry, and an application of this method in production of a 

device microfluidic is presented.  

 

2.2. Introduction  

Microfabrication technology is a rapidly growing area with new methods 

reported each year from many research groups. Microfluidic devices have become 

increasingly popular due to their ability to handle minute quantities of samples, 

and due to their high throughput sampling capability. Advantages of device 

miniaturization include decreased consumption of reagents and samples, reduced 

analysis time, more portable instrumentation, and in some instances lower limits of 

detection.  Miniaturized devices can be coupled to one another to produce micro 

total analysis systems (μTAS), which can incorporate sample pre-concentration, 

separation, and detection steps in a single device.  In addition, μTAS devices can 
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reduce the chance of human error, such as mislabeling and contamination, by 

decreasing the number of times a sample is handled [1-3]. 

Most microfluidic systems were initially fabricated with glass substrates 

partly because of well-established pre-existing fabrication techniques such as 

photolithography and chemical etching processes used to produce these devices in 

the microelectronic industry [4-5]. The surface properties of glass were also well 

suited for use in μTAS. However, there are drawbacks associated with the 

laborious fabrication procedures and the tools required for their production. These 

disadvantages have made polymers attractive alternative materials for μTAS 

fabrication. They are preferred over silicon or silica due to their low cost and ease 

of fabrication. Moreover, plastic devices are attracting interest as alternative 

biocompatible materials for microfluidic applications.  Fabrication methods have 

been demonstrated using mass replication technologies such as hot embossing, 

injection molding and casting of polymers including polymethylmethacrylate 

(PMMA) [6-8], polycarbonate (PC), polyethylene terephthalate (PETE) and 

polydimethylsiloxane (PDMS) [9-10]. The number of cost effective and relatively 

rapid fabrication procedures demonstrated with polymer materials for microfluidic 

device production has increased as the need for single use, disposable microchips 

for chemical and bioanalytical analyses has grown. 

Micromachining has provided a way to produce individual miniaturized, 

three-dimensional structures on metal substrates. CNC machining makes use of 

standard G-code instructions that drive the machine tool to fabricate a device by 

selective removal of the metal. However, CNC machining places limits on the tool 
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size, and thereby limits the sizes of features to be developed, and is a slow process 

for replication of large numbers of objects. CNC milling is more appropriate if 

only a single device to be used as a mold or master is needed. The machining 

process used in this work involved milling positive features into an aluminum 

substrate. The fabrication of a device with recessed features as were needed in our 

device is considerably easier and faster than creating negative features in a master 

mold, as illustrated in Figure 2.1 The CNC programming needed to create the 

design shown in Figure 2.1(a) is much simpler, and the material removal is 

significantly reduced and faster compared to that in Figure 2.1(b). 

 

 

 

 

 

Figure 2.1. Master designs produced by micromachining. Recessed features (left) 
created by cutting into the metal stock, and raised features (right) created by 
removing the excess metal around the desired feature areas, result in molds to be 
used for feature replication.  
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The motivation for this two-stage method is the need for co-planarity of 

bonding surfaces at the interface between substrates in a microfluidic chip.  If 

these surfaces are not co-planar, full contact at the interface will not be achieved 

and leakage will likely occur either at the chip boundary or between microfluidic 

features. This goal of co-planarity is difficult to achieve in micromachining 

because a variety of cutting tools are used for specific purposes.  Large tools (D > 

1 mm) are used for large features such as initial substrate planarization and step 

features with large widths such as those typically found along the chip perimeter.  

Small tools (D < 1 mm) are used for small features such as ridges between 

microfluidic channels.  During the machining process, tools must be interchanged 

leading to tool-offset errors.  An illustration of the impact of tool-offset errors on 

co-planarity is shown in Figure 2.2: (a) an idealized scenario of no tool-offset error 

in which co-planarity is achieved; (b, c) features that stand proud of or lie below 

the substrate plane as a result of tool-offset error; and (d) the scenario used in two-

stage embossing which is independent of tool-offset errors and co-planarity is 

always preserved.  
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Figure 2.2. An illustration of the impact of micromachining tool-offset error (black 
arrows) on the co-planarity of macroscale and microscale features; (a) co-planar 
with no tool-offset error; (b) excessive tool-offset; (c) insufficient tool-offset; (d) 
tool-offset independent. 
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Hot embossing traditionally employs a single processing step in which a 

mold with negative features is used to emboss positive features into a 

thermoplastic substrate.  The term “positive” refers to the desired geometry of the 

features, whereas the term “negative” refers to the inverse of the desired features.  

In the two-stage embossing method, two processing steps are needed (see Figure 

2.3 for the schematic diagram of the embossing process).  In the first step, a 

primary mold with positive features is used to emboss negative features into a 

thermoplastic substrate to form a secondary mold.  In the second step, the 

secondary mold is used to emboss positive features into a second thermoplastic 

substrate to form the final product. It is critical that the secondary mold have a 

significantly higher Tg than the final product in order to ensure no deformation of 

the secondary mold during the second embossing step. A similar conclusion was 

reached by Belligundu et al. [11] using a silicon to polymer to polymer embossing 

technique. The second mold used was polycarbonate with a Tg of 145oC, and 

PMMA with a Tg of 106oC was used as the final substrate. In this study, we 

introduce the use of a polymer substrate, polyetherimide (PEI) which possesses a 

Tg of 210oC. PEI is a transparent polymer with high rigidity and is excellent in 

heat resistance and dimensional stability. The use of this substrate as a secondary 

mold allows us to work with variety of substrates of lower Tg, such as PC, 

PMMA, or PETE. APET (amorphous polyethylene terephthalate) was selected to 

demonstrate the feasibility of this technique for microfluidic device fabrication.  
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Figure 2.3. Schematic diagram of the two-stage embossing procedure. 

 

 

 

 

 

 

 

 

 

Positive features of the primary mold are retained by embossing  
the secondary mold into the final substrate by heating slightly  
above the Tg of  APET (~80 oC) 

Create the primary aluminum 
master by micromachining 

Create a 
secondary mold on 

Create final features 
on APET 

Negative features of the primary mold are embossed on PEI 
by heating slightly above Tg of PEI (~220 oC)  
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2.3 Experimental 

The primary mold was milled from aluminum stock on a Tool Crafter mill 

(CMS CNC, Laguna Hills, CA, USA).   In the first embossing process (Table 2.1, 

top), the positive features of the primary mold were imprinted as negative features 

into a PEI substrate (McMaster-Carr, Santa Fe Springs, CA) (Tg~ 210oC) to 

produce the secondary mold.  In the second embossing process (Table 2.1, 

bottom), the negative features of the secondary mold were imprinted as positive 

features into an APET substrate (ALRO Plastics, Jackson, MI) (Tg  ~ 75 oC) to 

produce the final product. 

The microchannels were made by conformally sealing a PDMS slab on top 

of the embossed APET.  PDMS (Sylgard 184, Dow Corning, NC, USA) was 

mixed in a 10:1 ratio of monomer to the curing agent, poured onto a clean 

unpatterned glass slide, and thermally cured for 3 h at 60oC. The PDMS layer was 

then peeled off, cleaned with ethanol and thoroughly dried.  Holes (D = 1.5mm) 

were punched through the PDMS slab to form the reservoirs for the fluid inlet and 

outlet. A 10-3M solution of Rhodamine B dye (Lambda Physik, Acton, MA, USA) 

in methanol was injected at the inlet of the channels at a very low pressure and the 

flow was observed under a microscope (Zeiss Axiotron, Carl Zeiss SMT, 

Germany). The solution was injected into the channel through the inlet reservoir 

hole using a Microport Interface (Cascade Microtech, Inc., Beaverton, OR, USA). 
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Table 2.1. Nanoimprinting conditions used for embossing PEI substrate (top) and 
PETE (bottom). Constant pressure at 65 bar was applied at the end of the program 
until substrate reaches demolding temperature of 50oC. 
 

Nanoimprinting program for PEI

Temperatures (oC)  Pressures (bar)  Time (seconds) 

80  0  60 

160  0  60 

220  0  150 

220  65  150 

Nanoimprinting program for APET

Temperatures (oC)  Pressures (bar)  Time (seconds) 

50  0  60 

65  0  60 

80  0  150 

80  65  150 

 

 

2.4. Results and discussion 

The two stage embossing procedure was carried out on an APET substrate 

using aluminum and PEI devices as the primary and secondary molds, 

respectively. A single channel design with a dimension of 215 µm width, 85 µm 

depth, and 80 mm length was used; a schematic of the microchip layout is 

provided in Figure 2.4a.  

The CNC machining operation used to fabricate the aluminum master 

followed a set of G-code instructions by selectively removing parts of the metal to 
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create the desired final design. In this work, the master was fabricated by milling 

the design into the aluminum substrate resulting in a mold with recessed features. 

This technique makes the machining process significantly simpler and more rapid 

than the conventional method, in which a large area of metal material is removed 

to produce a master with raised features.  

The embossing cycle was repeated eight times on the APET substrate to 

confirm the reproducibility of the technique. Microfluidic chips produced with this 

technique were shown to have smooth and reproducible features. The channel 

features were measured using a profilometer. The channels were characterized 

under the surface profilometer on the basis of the depths and widths of the 

channels. Figure 2.4b shows the overlay profiles for the aluminum primary mold 

and the embossed APET final device surface. The results clearly show that the 

profile of the channel on APET corresponds well to that of the primary mold. The 

co-planarity of the surface, which is important for bonding purposes, can also be 

preserved during the aluminum master fabrication and throughout the APET 

embossing process as can be seen from the figure. The figure shows the 

comparison between the channel features of the primary aluminum mold and the 

final features of the APET substrate after 8 repeated cycles on successive blank 

APET substrates.  The results show that there is a slight decrease in the depth of < 

1μm (<1%) and an increase in width of 7 μm (~3%) in the APET substrate for 

replica #8 compared to the primary mold. 
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Figure 2.4. a) Schematic of the microchip layout showing the channel lengths and 
the approximate cross-sectional dimensions. b)Measurements of the microchannel 
features obtained by surface profilometry. Depths and widths of the channel of the 
primary aluminum mold (--- line) vs APET replica #8 (solid line) are compared. 

 

 

OutletInlet 

80 mm 

85 µm 



 35

Variability in widths (W) and depths (D) were also assessed for the APET 

replicas (Figure 2.5a and 2.5b). The differences in channel widths and depths 

relative to the aluminum mold were ~2% and ~1%, respectively. The W/D aspect 

ratio of the 8 replicas ranges between 2.53 to 2.63 as compared to W/D  aspect 

ratio of aluminum mold of 2.53 (Figure 2.5c). These results demonstrate success in 

transferring features from the primary mold to the final substrate.  
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c) 
Figure 2.5. Comparison of the channel width (a), depth (b), and the aspect ratio (c) 
of the 8 APET embossed replica. The solid line represents the mean, and the 
dotted lines represent +/- 1 standard deviation of the mean. 
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Another experiment was also conducted using a more complex design 

master in order to validate the viability of the embossing process. A photograph of 

the machined aluminum mold is shown in Figure 2.6a. The fabrication process 

from the primary mold to the final APET substrate was carried out using the 

procedure described above. The final result on APET was characterized by 

profilometry as shown in Figure 2.6 (b and c). The microchannels on the primary 

mold have widths ranging from 310 to 320 µm and depths from 40 to 48 µm. The 

resulting APET channels have widths of 308-318 µm and depths of 40-46 µm. 

This embossing procedure was performed 5 times, and the results indicate good 

repeatability of the imprinting process.  
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a) 
 
 

   
b) c) 
 

Figure 2.6. Photograph of the aluminum primary mold (a), surface profile of 
primary mold (b) and APET substrate (c) measured with the profilometer.  
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An embossed APET chip fabricated using the two stage embossing 

procedure was then used to create a proof-of-concept microfluidic device. 

Rhodamine B solutions were introduced into the APET microchannel to 

demonstrate the device integrity and utility. Figure 2.7 shows photomicrographs of 

the Rhodamine B solution flowing through the APET channel. For this purpose, a 

PDMS sheet was used to conformally seal the channel. Rhodamine B was injected 

into the channel from the inlet reservoir using a microport connected to an LC 

pump. No leaks were detected around the channel when Rhodamine B solution 

was introduced through the microchannels. By preserving the co-planarity of the 

master mold during machining, the final embossed APET chip had good surface 

homogeneity that allowed for effective bonding on a second polymeric substrate, 

showing the potential of two-staged embossed chips in microfluidic applications.  

 

 
 
 
Figure 2.7. The channel was formed by conformally sealing the APET chip with a 
PDMS slab, and filled with 10-3 M Rhodamine B dye in methanol under a very 
low pressure.  
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2.5. Conclusions 

A novel metal-polymer-polymer two-stage embossing method was 

demonstrated to be an effective, robust, low cost fabrication method for replication 

of features on polymer substrates. The method is simple, reliable, and 

reproducible. The PEI secondary mold can be used repeatedly as a tool for 

microfluidic chip fabrication on lower Tg polymer substrates. This technique is 

especially well suited for fabrication of a primary mold that requires the removal 

of a large amount of metal to create the design. With this technique, tedious 

procedures of fabricating the primary mold can be avoided, thus decreasing the 

time needed for mold fabrication. Preliminary results show the potential of chips 

fabricated with this method in microfluidic applications. Future work will include 

the fabrication of low-cost, disposable microfluidic devices using this technique 

for chemical and biomedical analyses. Future work will also verify this method 

with other substrates such as PMMA (Tg ~105 oC) and PC (Tg ~ 160 oC). 
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3.1. Abstract 

Methods for fabricating poly(methyl methacrylate) microchips using a 

novel two-stage embossing technique and solvent welding to form microchannels 

in microfluidic devices are presented. The hot embossing method involves a two-

stage process to create the final microchip design. In its simplest form, a mold 

made of aluminum is fabricated using CNC machining to create the desired 

microchannel design. In this work, two polymer substrates with different glass 

transition temperatures (Tg), polyetherimide (PEI) and poly(methyl methacrylate) 

(PMMA), were used. First, the aluminum mold was used to emboss the PEI, a 

polymeric substrate with Tg~216 oC. The embossed PEI was then used as a 

secondary mold for embossing PMMA, a polymeric substrate with a lower Tg 

(~105 oC).  The resulting PMMA substrate possessed the same features as those of 

the aluminum mold. Successful feature transfer from the aluminum mold to 

PMMA substrate was verified by profilometry. Bonding of the embossed layer and 

a blank PMMA layer to generate the microchip was achieved by solvent welding. 

The embossed piece was first filled with water that formed a solid sacrificial layer 

when frozen. The ice layer prevented channel deformation when the welding 

solvent (dichloroethane) was applied between the two chips during bonding. 

Electrophoretic separations of fluorescent dyes, rhodamine B (Rh B) and 

fluorescein (FL), were performed on PMMA microchips to demonstrate the 

feasibility of the fabrication process for microreplication of useful devices for 

separations. The PMMA microchip was tested under an electric field strength of 
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705 Vcm-1. Separations of the test mixture of Rh B and FL generated 55500 and 

66300 theoretical plates/meter, respectively.  

 

3.2. Introduction  

Significant progress has been made in the development of microfluidic 

devices since the concept was initially introduced 15 years ago [1]. Since the 

introduction of the first commercial microfluidic lab-on-a-chip based systems for 

life science applications, the field has grown immensely as can be seen from the 

growing numbers of microfluidics companies, microfluidic-based products, and 

publications in the last few years. Microfluidic devices have become increasingly 

popular due to their ability to analyze minute quantities of samples and their high-

throughput sampling capabilities. These devices offer unique advantages, such as 

decreased consumption of reagents and sample, reduced analysis time, more 

portable instrumentation and in some instances lower limits of detection. The 

miniaturization of microfluidic devices has also made possible the development of 

portable analytical instrumentation where lower voltages and smaller power 

supplies are required.  

  Miniaturized devices can be interfaced serially, and ganged into highly 

integrated parallel systems that allow for the development of micro total analysis 

systems (μTAS). This integration can make complex analyses simpler to perform. 

In μTAS devices, all the steps in the analysis, including sample processing, 

separation, and detection, can be performed on one chip.  In addition, μTAS 
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devices can reduce the chance of human error, such as mislabeling and 

contamination, by decreasing the number of times a sample is handled. 

Since the introduction of μTAS, microchip capillary electrophoresis (CE) 

has been explored as an attractive separation technique. Microchip CE has been 

applied to a wide range of applications, including environmental monitoring, 

biomedical and pharmaceutical analysis, clinical diagnostics, and forensic 

investigations [2-5]. Numerous reports have been published regarding the 

successful transition of CE systems to the microchip platform [6-9], though much 

optimization remains to be realized in both system performance and ease of 

manufacture.  

Glass has been the most widely used substrate for production of 

microfluidic systems, [10-11] owing to many of its characteristics, such as high 

thermal stability and biocompatibility, resistance to many chemicals, optical 

transparency, and surface properties that are well suited for use in μTAS. 

Moreover, pre-existing microfabrication techniques, i.e. photolithography and 

chemical etching for glass substrates, have been well established in the 

microelectronics industry. In addition to their advantages, chips with glass 

substrates also have some limitations. The fabrication of glass microchips is often 

expensive, time-consuming, and it involves laborious and harmful processing 

procedure using hydrofluoric acid (HF). Glass is fragile and can often break during 

the fabrication process. These disadvantages have made polymers attractive 

materials for μTAS fabrication. There are a large variety of polymer materials 

including poly(methyl methacrylate) (PMMA) [12-13], polycarbonate (PC), 
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polyethylene terephthalate (PET) and polydimethylsiloxane (PDMS) [14], that are 

available with different physical and chemical characteristics which make them 

suitable for different kinds of microfluidic applications. 

Polymers such as PMMA have great potential to be used as alternate 

materials for microfluidic systems. PMMA offers advantages such as low cost, 

ease of fabrication, biocompatibility, and greater flexibility over silicon and glass. 

The expensive microfabrication step is only required to make the master structure, 

which then can be replicated many times into the polymer substrate. The cost 

effective and relatively rapid fabrication procedures possible with polymeric 

materials for microfluidic devices have generated much attention as the need has 

started to grow for single use, disposable microchips for chemical and biochemical 

analyses. 

The conventional hot embossing technique typically is performed in a 

single step using a mold with negative features. The process results in a feature 

transfer of the mold into a thermoplastic substrate creating what is referred as 

“positive” features. The resulting features of the plastic substrates are 

complimentary to that of the features on the mold. In this work, a two stage 

embossing technique was employed [15,16] to fabricate the microfluidic chip. The 

method involves a two step procedure to produce the final product. In the first 

step, a primary mold with positive features was embossed into a thermoplastic 

substrate to create a secondary mold with negative features. In the second step, the 

secondary mold is used to emboss positive features into another polymeric 

substrate to form the final product. It is essential for the secondary mold to have a 
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much higher Tg compared to the final product to avoid feature deformation of the 

secondary mold during the second embossing step.  

The motivation for using the two stage embossing method instead of the 

conventional one-step embossing technique is the need for co-planarity of bonding 

surfaces at the interface between substrates in a microfluidic chip [15]. Another 

major difference of the two methods is the process of creating the primary master 

which is usually performed using a CNC machining tool on an aluminum stock. 

As illustrated in Figure 3.1 (left), the fabrication of the mold requires work that 

involves milling a positive (raised) feature into an aluminum substrate. On the 

other hand, the fabrication of a mold with negative (recessed) features (Figure 3.1; 

right) is considerably easier and faster. Moreover, the CNC programming needed 

to perform the machining is much simpler as compared to the other method. This 

technique is especially well suited for fabrication of a primary mold that requires 

the removal of a large amount of metal to create the design. With this technique, 

tedious procedures of fabricating the primary mold can be avoided, thus 

decreasing the time needed for mold fabrication. 
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Figure 3.1. Master designs produced by micromachining. Recessed features (right) 
created by cutting into the metal stock, and raised features (left) created by 
removing the excess metal around the desired feature areas, result in molds to be 
used for feature replication. 
 

Various bonding techniques have been reported for polymeric substrates. 

Thermal press-bonding is the most commonly used method for sealing plastic 

microfluidic chips [17-18]. Other bonding methods include vacuum-assisted 

thermal bonding [19], microwave bonding [20], hot water bath embossing [21], 

lamination [22], plasma oxidation [23], and the use of adhesives [24-25]. 

However, the bond strength created by the thermal bonding method is usually 

much lower than that for the solvent-bonded chips. Recently, Lin et al compared 

bonding strengths of various bonding procedure and showed that solvent bonded 

PMMA chips showed a much higher bonding strength (more than 17 times 

stronger) compared to the thermally bonded chips [26]. Moreover, the heating 

process during thermal bonding in plastic chips may cause channel deformation.  

Chlorocarbon solvents such as chloroform, chlorormethane, and 

dichloromethane are effective organic solvents for bonding PMMA chips [26]. The 

use of solvents, however, has some disadvantages as they can cause clogging or 
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channel deformation during sealing. One way to resolve this issue is by using a 

sacrificial layer to protect the channels from the bonding solvent during sealing. 

This layer prevents the channel from deforming on exposure to the solvent during 

bonding [26]. Sacrificial materials such as waxes or low melting temperature 

alloys have been used in sealing microdevices during fabrication steps. Kelly et al. 

showed successful bonding of PMMA chips by using paraffin wax as the 

sacrificial layer. Following the bonding process the sacrificial layer must be 

removed from the microchannel. With paraffin, this was done by heating the 

assembly to melt the sacrificial layer. In addition, removal of the sacrificial 

materials might be incomplete; causing some residual material to be trapped inside 

the channel. This may present a challenge during CE analyses as the excess 

sacrificial material trapped inside the channel may affect the electroosmotic flow. 

As a consequence, the separation and the reproducibility of the analysis are 

compromised.  

To eliminate this problem, in this work, a solvent bonding method using 

1,2-dichloroethane (DCE) and ice as a sacrificial layer is reported for sealing two-

layer PMMA- based microchips made using a novel two-stage embossing 

technique. The high solubility of DCE in PMMA substrates can create a major 

challenge that causes clogging or channel deformation during sealing. As a result, 

reproducibility of the analyses might be compromised. To overcome these 

limitations, a sacrificial layer was incorporated to protect the channels from the 

bonding solvent during sealing. In this study, water was chosen as the sacrificial 

layer as it offers many advantages as it is readily available, non toxic, has a low 
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evaporation rate, a high freezing point relative to DCE, and a low melting point 

that makes it easier to flush out after sealing, as compared to using other sacrificial 

media, such as paraffin wax. By freezing the water, removal of the sacrificial layer 

can be done by simply letting the ice melt from the channel at room temperature. 

This makes water one of the most compatible sacrificial media in the application 

of microfluidic devices.  

The transparency of the PMMA microchips made it possible to employ 

fluorescence detection. Only a small quantity of sample is required, and the low 

detection limit of fluorescence detection will make it possible to use the chips for 

disposable, single use purposes such as biomedical applications. For our 

preliminary studies, electrophoretic separations of fluorescent dyes, rhodamine B 

and fluorescein were performed in order to demonstrate the utility of a PMMA 

microchip fabricated  via this new approach. 

 

3.3. Experimental 

3.3.1. Microfabrication 

The primary master was made by micromachining aluminum stock using a 

standard G-code CNC program on a Tool Crafter mill (CMS, CNC, Laguna Hills, 

CA, USA). In the first step of the embossing process, the aluminum master was 

hot embossed on a PEI substrate (McMaster-Carr, Santa Fe Springs, CA) 

according to a program shown in Table 3.1. The resulting imprint produced 

negative features into the PEI substrates that served as the secondary mold in the 

process. In the second imprinting process, features on the PEI were embossed into 
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a PMMA substrate (McMaster-Carr, Santa Fe Springs, CA). As shown in Figure 

3.2, the final PMMA product then contains the same features as the primary 

master. The process used for two-stage embossing is illustrated in Figure 3.2 [15]. 

The channel features were measured using a profilometer (Dektak 3 Surface 

Profile Measuring System, Veeco Instrument Inc, Santa Barbara, CA, USA). 

 

 

 

 

 

Figure 3.2. A two-stage embossing process; from primary aluminum master to 
final PMMA chip. The aluminum master serves as the primary mold in the 
embossing process. In the first embossing process, the positive features of the 
aluminum master were imprinted as negative features into a PEI substrate to 
produce the secondary mold. In the second embossing process, the negative 
features of the secondary mold were imprinted as positive features into an PMMA 
substrate to produce the final product. 
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Table 3.1. Thermal embossing conditions used for imprinting PEI substrate (top) 
and PMMA (bottom). Constant pressure at 600 psi was applied at the end of the 
program until substrate reaches demolding temperature of 50oC. 

 

Embossing program for PEI 

Temperatures (oC) Pressures (psi) Time (seconds) 

80 0 60 

160 0 60 

220 0 150 

220 600 150 

Embossing program for PMMA 

Temperatures (oC) Pressures (psi) Time (seconds) 

75 0 60 

90 0 60 

120 0 150 

120 600 150 
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3.3.2. Solvent Welding 

Four 1.5–mm-diameter reservoir holes were drilled on the PMMA chip. In 

order to fill the channel with water, the patterned side of the PMMA chip was 

conformally sealed with a piece of PDMS forming a temporary enclosed channel.  

The PDMS (Sylgard 184, Dow Corning, NC, USA) was mixed in a 10:1 ratio of 

monomer to the curing agent, poured onto a clean unpatterned glass slide, and 

thermally cured for 3 h at 60oC.  

The PMMA/PDMS temporary enclosed channel was then filled with water 

through the buffer waste reservoir hole using a Microport Interface (Cascade 

Microtech, Inc., Beaverton, OR). All of the reservoir holes and channels were 

completely filled with water to ensure no air bubbles were present. The 

PMMA/PDMS assembly was placed in a freezer at -20 oC for 2 hours. Water 

inside the channel solidified with room for expansion through the filling ports, 

forming a solid sacrificial layer to enable solvent welding with protected channels.  

After the water solidified, the PMMA/PDMS assembly was removed from 

the freezer onto a cooled block (-20 oC). The PDMS piece was then peeled off of 

the PMMA, and a uniform layer of dichlororethane (~300 µL) was applied onto 

the PMMA chip. A blank piece of PMMA was pressed on top of the patterned 

PMMA chip with an applied pressure of ~ 3psi for 2 minutes for bonding. After 2 

minutes, the applied pressure was released, and the PMMA chip was removed 

from the cooled block to allow the ice to melt off at room temperature. Finally, the 

channel was flushed with water using a microport for at least 15 minutes before 

use. A schematic of the bonding procedure is shown in Figure 3.3.  
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Figure 3.3. A schematic of the bonding procedure to create PMMA/PMMA 
microchip. The PMMA chip was conformally sealed with a piece of PDMS.  The 
channel is then filled with water. The PMMA/PDMS assembly was placed in a 
freezer at -20 oC for 2 hours until all of the water inside the channel solidified, 
forming a solid sacrificial layer for solvent welding. After the water solidified, the 
PMMA/PDMS assembly is removed from the freezer onto a cooling block (-20 
oC). The PDMS piece was peeled off from the PMMA, and a uniform layer of 
dichlororethane (~300 µL) was applied onto the PMMA chip. A blank piece of 
PMMA chip was pressed on top of the patterned PMMA chip with an applied 
pressure of ~5 psi for 2 minutes for bonding. After 2 minutes, the applied pressure 
is released, and the PMMA chip is removed from the cooling block to allow the 
ice to melt off at room temperature.  
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The morphology of the solvent-bonded microchips was studied using an 

Amray (Bedford, MA, USA) scanning electron microscope (SEM) operated at 

10kV. The microchip was frozen with liquid nitrogen and fractured to obtain 

cross-sectional images of the microchip. 

 

3.3.3. Separations 

Each channel had a 1.5-mm-diameter well at each end; the wells were 

labeled buffer reservoir (B), buffer waste (BW), sample reservoir (S), and sample 

waste (SW) as shown in Figure 3.4. The distance between B, S, and SW reservoirs 

from the cross section was 5 mm each, and the length of the separation channel 

from the cross section to BW reservoir was 80 mm. To run an on-chip separation, 

reservoirs B, BW, SW were filled with 5 µL pH 9, 10 mM sodium borate buffer; 

and reservoir S was filled with 5 µL of sample. For injection, the SW reservoir 

was grounded, potentials of 1500 V, 1100 V, and 2000 V were applied at reservoir 

S, B and BW, respectively for 20 s. During separation, reservoir BW was 

grounded, a potential of 4000 V was applied at B reservoir, while 3600 V as 

applied at reservoir S and SW. Table 3.2 shows the on-chip injection and 

separation voltage program. 
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Figure 3.4. Schematic of the microchip layout showing the channel lengths and the 
approximate cross-sectional dimensions. Each channel has a 1.5-mm-diameter 
well at each end; the wells are labeled buffer reservoir (B), buffer waste (BW), 
sample reservoir (S), and sample waste (SW). 

 

 

Table 3.2. Voltage program used for electrophoretic injection and separation on 
PMMA microchip. GND (ground). 
 

 Reservoir Potential (kV) 

 Sample (S) Buffer (B) Sample Waste 

(SW) 

Buffer Waste 

(BW) 

Duration 

(s) 

Step      

Injection 1.5 1.1 GND 2.0 20 

Separation 3.6 4.0 3.6 GND 150 

 

The compounds used for the experiments were rhodamine B (Lambda 

Physik, Acton, MA, USA) and fluorescein (Sigma, St Louis, MO, USA). Each 

sample was individually diluted with 10 mM sodium borate (Integra, Renton, WA, 

USA), pH 9 buffer solution. The instrument used to operate the microchip was the 

Micralyne Microfluidic Tool Kit µTK (Micralyne Inc., Edmonton, Alberta, 

Canada). The system provides electrophoretic on-chip operation which consists of 

S 

SW 

BW 
B 5 mm 

5 mm 
80 mm

5 mm 
200 µm 

75 µm 
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high voltage (HV) power supplies coupled with a green laser induced fluorescence 

(LIF) detection system containing a 532 nm long-pass filter, a 568.2 nm bandpass 

filter and a PMT detector. The µTK system was controlled by LabView software 

(National Instruments, Austin, TX, USA). 

 

3.4. Results and discussion 

A photomicrograph of a PMMA chip produced using the two stage 

embossing technique is shown in Figure 3.5. Cross sections of the microchannels 

at 6x and 40x magnification are shown. Dimensions of the microchannels were 

measured by profilometry, and were 200 µm in width and 75 µm in depth.  

The PEI/PMMA thermal embossing procedures were performed 20 times 

to demonstrate the reproducibility of the technique. Microfluidic chips produced 

using these techniques were shown to have smooth and reproducible features. The 

channels were characterized with a surface profilometer to determine the depth and 

width of the channels. The results show that the profile of the channel on PMMA 

corresponds well to that of the primary mold, and indicates good homogeneity of 

the imprinting process. 
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Figure 3.5. A cross-design PMMA microchannels with 6x (left) and 40x (right) 
magnification. 
 

 

Temperature and pressure are critical aspects in this two-stage thermal 

embossing process. Embossing performed at temperatures below or above Tg of 

the substrate to be imprinted showed rough, uneven features on the chip surface. 

Results showed that embossing performed at temperatures much higher than the Tg 

of PMMA affected the smoothness of the surface. Pockets of bubbles appearing on 

the PMMA surface and channel deformity were also observed. These findings 

suggest that at temperatures much beyond Tg, the PMMA becomes too soft during 

the imprinting process, and is unable to retain “clean” features from the PEI 

master. Embossing at Tg allowed the PMMA to soften enough to be imprinted 

without cracking. The embossing cycle was repeated 20 times with the program 

shown in Table 3.1, and profilometry results demonstrate that we can obtain 

excellent feature reproduction in the PMMA chips (Figure 3.7). Figure 3.6 shows 

the overlay profiles of the first PMMA replica and the 20th embossed PMMA 



 59

replica. The results clearly show that the profiles of the channels in both replicas 

correspond well to one another, and that the features can still be preserved after 20 

embossing cycles. The channel features of the primary aluminum mold and the 

final feature of the PMMA substrate after 20 repeated cycles were compared, and 

the results show that there is a slight increase in the height (1 µm; 1%) and an 

increase in width (2 µm; 1%) in the PMMA substrate as compared to the primary 

mold. The PMMA channels were characterized as a trapezoidal ridge in the 

profilometer scan, as they appear to have asymmetry in the ridge/channel features. 

By comparing the PMMA processed traces, the PMMA replica appears to be a 

faithful complementary replication of the aluminum master. This asymmetry was 

resulted from the artifact of the profilometer used to obtain the scans, and the SEM 

images revealed symmetrical channel features of the channels of the aluminum 

master and the PMMA replicas. 
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Figure 3.6. Measurements of the microchannel features obtained by surface 
profilometry. Depths and widths of the channel of PMMA replica #1 (solid line) vs 
PMMA replica #20 (--- line) are compared. 

 

Channel widths (W) and heights (H) were measured and plotted for each of 

the PMMA replicas (Figure 3.7a and 3.7b). In no instance did channel widths or 

heights in the PMMA replicas exceed those of the primary mold by more than 1% 

and 4%, respectively. The W/H aspect ratios of the 20 PMMA replicas were 

calculated and plotted, and they range between 2.58 to 2.74 as compared to the 

W/H aspect ratio of the primary mold of 2.67 (Figure 3.7c). The successful 

features transfer from the primary mold to the final substrates as shown from the 

results, proved that the two stage embossing technique is reproducible, and can be 

used as means in the area of microfluidic fabrication. 
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Figure 3.7. Comparison of the channel width (a), height (b), and the aspect ratio 
(c) of the 20 PMMA embossed replica. The solid line represents the mean, and the 
dotted lines represent +/- 1 standard deviation of the mean. 
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In this work, 1,2-dichloroethane (DCE) is used as the solvent for bonding 

two PMMA chips together. A careful approach must be taken during the bonding 

procedure since PMMA has a high solubility in DCE. The solvent can serve as the 

agent for bonding, but it can also create problems such as clogging or channel 

deformation during sealing. One way to resolve this issue is by using a sacrificial 

layer to protect the channels from the bonding solvent during sealing. The 

patterned side of the PMMA chip was conformally sealed with a piece of PDMS 

forming a temporary enclosed channel. Prior to bonding, the PMMA microchannel 

was filled with water through one of the reservoir holes. After freezing the 

PMMA/PDMS assembly for 2 hours, the water solidified forming a solid 

sacrificial layer. This layer prevented the channel deformation from the solvent 

during bonding which otherwise would fill and soften the channel [27]. After the 

completion of bonding process, removal of the sacrificial layer can be done by 

simply letting the ice melt from the channel at room temperature.   

Solvent welding performance was evaluated by testing the bonding 

strength of the PMMA chips. Other studies have shown that solvent welds yield a 

much higher bonding strength than other methods such as thermal bonding. 

Results on solvent bonded PMMA chips conducted by Lin et al indicated a 

bonding strength of 3.8 MPa (551 psi) using DCE [26]. Our solvent bonded 

PMMA chips using water as sacrificial layer were tested under a pressure of 2000 

psi. The chips were able to withstand the pressure without breaking or leaking. 

This suggests excellent performance potential for packing sorbent materials inside 

these chips for applications in CEC or micro-LC. Figure 3.8 shows SEM images of 
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the PMMA solvent bonded microchips. As can be seen from the images, clean cut 

channels were obtained without channel deformation. The water sacrificial layer 

allowed channels to retain their shape.  

 

 

 

Figure 3.8. SEM image of PMMA microchips showing the channel cross section 
fractured liquid nitrogen. 

 

The microchip was not an optimized device, and the primary objective is to 

show that the fabricated chip can be used to perform an electrophoresis separation. 

The potential of the fabricated chips for microfluidic CE application was evaluated 

by injecting florescent dyes Rh B and FL to perform an on-chip electrophoretic 

separation. Sample of mixture test solution containing 10-3M rhodamine B (Rh B) 

and 10-3M fluorescein (FL) in 10 mM sodium borate buffer, pH 9 was injected on 

the PMMA microchip according to the program shown in Table 3.2. 

Electrophoretic separation of the two compounds was achieved on the PMMA chip 

as illustrated in Figure 3.9. As shown in Figure 3.9, Rh B and FL peaks appeared 
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at ~40 and 62 seconds, respectively. The retention times of the two peaks (~40 and 

62 seconds) were consistent with the Rh B and FL peaks run individually on the 

PMMA chip under the same experimental conditions. 

 

 
 
 

 
 

 

Figure 3.9. Electropherograms of the on-chip electrophoretic separation of 10-3M 
RhB/10-3M FL test mixture using 10 mM sodium borate buffer pH 9. 
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In these experiments, FL experiences lower electrokinetic mobility than Rh 

B. The difference in mobility is caused by the condition of the buffer used in the 

separation method. In 10 mM sodium borate buffer solution, Rh B has no charge, 

while FL is negatively charged [28]. Rh B is not charged under this conditions, 

and therefore, is a good neutral marker for electroosmotic flow (EOF). The results 

from the Rh B/FL electrophoretic separation shown in Figure 3.9 showed that the 

negatively charged FL peak appeared later than the uncharged Rh B peak during 

the separation as expected based on their electrophoretic mobility.  

The PMMA microchip was tested under the maximum applied voltage of 6 

kV (field strength 705 Vcm-1). Separations of the test mixture were achieved with 

separation field strength of 470 Vcm-1. The Rh B and FL peaks have theoretical 

plate numbers of 55500/m and 66300/m, respectively. 

 

3.5. Conclusions 

This paper presents a novel method for fabrication of PMMA microdevices 

via a two-stage embossing procedure and by using a sacrificial-layer-protected 

solvent bonding technique. This method of fabrication provides a rapid, cost 

effective, simple, and versatile approach of utilizing and producing PMMA 

microdevices. The PEI secondary mold can be used repeatedly as a tool for 

microfluidic chip fabrication on other lower Tg polymer substrates. The 

experimental results show that the PMMA chips can be used for separations of 

fluorescent dyes successfully and reproducibly in a microchip capillary 

electrophoresis analysis. This work indicates that the fabricated PMMA microchip 
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electrophoresis devices can provide alternative solutions to overcome some of the 

limitations in fabricating polymer-based microchip devices; making chemical and 

biomedical analyses on them more attractive. 
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4.1. Abstract 

Novel means of fabricating polymeric microfluidic devices are presented. 

An SU-8 master is applied in two-stage embossing, followed by vaporized organic 

solvent bonding. The primary master is created by standard photolithography; the 

inexpensive SU-8 primary master is used in a two-stage process to generate 

microfeatures in hard polymers. A vaporized solvent bonding technique that 

readily produces complete microfluidic chips, without the need of a sacrificial 

layer to prevent channel deformation, was used to form complete multilayer 

microfluidic devices. This technique provides a more direct method to generate 

hard polymer microfluidic chips than classical techniques and therefore is highly 

amenable to rapid prototyping. The technique lends itself readily to many 

polymers, facilitating device production for a variety of applications, even 

permitting hybrid polymer chips, and provides a rapid, cost effective, simple, and 

versatile approach to the production of polymer-based microdevices. The 

fabrication technique was tested to build microchips to perform several analyses, 

including chromatographic separations and a quantitative indicator assay. High 

separation efficiencies of 10,000-45,000 plates/m were obtained using the 

fabricated LC microchip. The fabrication method was also tested in building a 

passive micromixer that contained high density microfeatures and required three 

polymer layers. A glycine assay using O-phthaldialdehyde (OPA) was performed 

in the micromixer. With glycine concentrations ranging from 0.0 to 2.6 µM, a 

linear calibration plot was obtained with a detection limit of 0.032 µM  
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Keywords: SU8, microfabrication, vaporized solvent welding, thermoplastics, 

PMMA, embossing. 

 

4.2. Introduction 

Widespread interest has developed in microfluidic devices for bio-medical 

diagnostic applications, environmental monitoring, as components of benchtop 

instruments, and for chemical synthesis.  The benefits of microfluidic devices that 

have stimulated this growth include decreased consumption of reagents and 

sample, reduced analysis time, more portable instrumentation, and in some 

instances, lower limits of detection. Novel, versatile, and robust fabrication 

methods are needed both to make microfluidic devices more available to the 

research lab and the commercial market. 

Glass was the substrate of choice when the field of microfluidics emerged, 

largely because well-established pre-existing fabrication techniques such as 

photolithography and chemical etching processes had previously been used to 

produce devices in the microelectronics industry.1-2 However, the use of glass 

substrates presents multiple drawbacks.  The fabrication of glass chips is not only 

expensive and time consuming; it also requires the use of harmful hydrofluoric 

acid in the process.  Glass also poses another problem in that it is fragile.  Glass 

fabrication processes can be quite time consuming, thus making them less than 

ideal for production-scale manufacturing. Therefore, the need for less rigid 

substrates that require less expensive, more rapid fabrication processes has arisen 

and made polymers attractive alternative materials for μTAS fabrication. There are 
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a large variety of polymer materials that are available with different physical and 

chemical properties that make them suitable for different kinds of microfluidic 

applications. Some of the polymers that have been widely used in microfabrication 

include polymethylmethacrylate (PMMA),3-4 polycarbonate (PC),5 polyethylene 

terephthalate (PETE),6-7 and polydimethylsiloxane (PDMS).8 The possibility of 

rapid fabrication and the relatively inexpensive methods used in producing 

polymer-based microfluidic devices are attractive, as the need for single use, 

disposable microchips for chemical and biological analyses has grown rapidly. 

Microfabrication of polymeric materials is often performed by a hot 

embossing process. The process starts by contacting a featureless piece of a hard 

plastic to a master mold, heating the material to its glass transition (Tg) 

temperature, followed by imprinting the microfeatures by applying pressure to 

create features that are complimentary to that of the master. In the past, several 

fabrication techniques have been employed to generate the master from which the 

replicas are produced, including electroplating of nickel or nickel alloys,9 deep 

reactive ion etching (DRIE) in silicon, hydroxide (KOH) wet etching in silicon,10 

and micromachining.11 These approaches produce durable masters that can be used 

numerous times. However, complex, multi-step manufacturing processes are 

required and producing these devices can be costly.  

For the purpose of testing design concepts for microfluidic devices, low-

cost prototyping techniques are highly desirable. As described in our previous 

work,12 masters fabricated by CNC machining assure great precision and are 

readily manufacturable. This process works well on various materials, such as 
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metals, glass, and plastics. However, masters produced via this technique do not 

offer smooth surface finishes, high aspect ratios (height to width ratio is limited to 

less than 2), or good dimensional control (often 10% larger than designed). 

Moreover, the high initial set-up costs do not allow for rapid device design 

modification, which is needed in the design optimization stage. On the other hand, 

SU-8 based photolithography, often a sacrificial step in other master fabrication 

methods, is a significantly cheaper, faster, and simpler method by which to create 

the primary master. In addition, it provides high aspect ratio, smaller feature sizes, 

and smoother wall surface (depending on the resolution of photomask used). 

Creating a primary master from SU-8 is therefore suitable for small volume 

production because of the low cost and simplicity of the method. 

 While masters made from SU-8 can be produced rapidly and are a great 

low-cost alternative to nickel masters, they do have limited reusability due to the 

mechanical forces applied in hot embossing. A study conducted by Esch et.al.10 

also showed that after about five embossing cycles, slight distortions arise in the 

SU-8 features. In this paper, the limited reusability of SU-8 master is addressed by 

the use of two-stage embossing, which at the same time capitalizes on the benefits 

of using a lithographic master. In this study, an SU-8 master is used as a primary 

master that is in turn used to emboss a polyetherimide (PEI) secondary master. 

Since this process will only be performed once, repeated use of the SU-8 master is 

avoided and concerns over feature distortion do not restrict the process. The 

embossed PEI master can be used repeatedly to emboss lower Tg polymers, such 

as PC and PMMA. The advantages of using SU-8 to fabricate the master template, 
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coupled with the ease and rapidity of hot embossing, provide for a powerful rapid 

prototyping method that can easily be translated into a production approach.  

 Another major challenge of polymer-based microfluidic devices is how to 

bond parts together; bonding techniques are essential in the fabrication of polymer-

based microfluidic devices. Various techniques have been reported for bonding 

polymer-based microchips, particularly for PMMA substrates. The most widely 

used procedure is thermal bonding.13-14 Success in microchip lamination has also 

been shown using other bonding methods, such as microwave bonding,15 hot water 

bath embossing,16 vacuum-assisted thermal bonding,17 lamination,18 plasma 

oxidation,19 laser welding,20 and the use of adhesives.21-22 Different lamination 

approaches result in various bonding strengths. Higher bonding strengths are 

generally achieved with solvent welding procedures as compared to thermal 

bonding. Studies conducted by Lin et al in comparing the bonding strengths 

obtained with various bonding procedures suggest that solvent bonded PMMA 

chips have a much higher bonding strength (more than 17 times stronger) 

compared to thermally bonded chips.23 Moreover, even slight variations in 

temperature and pressure during thermal bonding in plastic chips may lead to 

channel deformation, making solvent welding more attractive as long as features 

can be protected from the welding solvent.  

 Solvent welding capitalizes on the solubility of a polymer in a selected 

solvent to achieve entanglement of polymer chains across the interface of two 

contacting surfaces. Once solvated, the polymer chains become mobile and can 

diffuse across the solvated layer, leading to entanglement with other similarly 
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dissolved chains from another polymer piece. The solvent eventually permeates 

through the polymer and evaporates, causing the chains to lose their mobility, 

resulting in exceptionally strong bonds.  

Chlorocarbon solvents such as chloroform, chloromethane, and 

dichloromethane are effective organic solvents for bonding polymeric substrates.23-

24 However, they are often causative in channel deformation during sealing since 

they dissolve the polymers to achieve the desired bond. The use of sacrificial 

layers to protect the channels from the solvent has been explored.23,25-29 Some of 

the materials that have been used as sacrificial layers are waxes and ice.30 These 

methods work well in their intended role – they protect microscale features during 

the bonding process – but they also represent an additional step that complicates 

the bonding process and may alter the final product due to incomplete filling and 

removal of the sacrificial layer material. Residual materials trapped inside the 

channel often prove detrimental during usage, i.e. in CE analysis, trapped excess 

sacrificial materials affect electro osmotic flow, and as a consequence the 

efficiency of the separation may be compromised. We have devised an alternate 

means of solvent welding that prevents deformation by bonding rigid materials 

rather than surface-softened sheets. This is made possible by vaporizing solvent 

trapped in the bulk of the polymer while maintaining close conformal contact of 

the two pieces within a hydrostatic press. 

In this paper, a novel technique for bonding plastic microchips is presented. 

In this bonding procedure, a blank piece of a hard plastic is immersed in a bonding 

solvent to soften the surface of the polymer.[31,32] Then, the excess solvent 
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remaining on the surface is allowed to evaporate until the surface re-solidifies and 

becomes firm. At this point, a previously embossed chip containing the 

microfluidic features of interest is placed on top of the blank piece, and the two are 

pressed together at an elevated temperature until they bond. The press temperature 

is kept slightly above the boiling temperature of the bonding solvent, but below the 

glass transition temperature to prevent channel deformation. Since the two plastic 

pieces are pressed together, the solvent from the blank piece permeates across the 

interface and facilitates bonding of the two polymers. This method has been 

successfully tested with various polymers and designs. The ease, low cost, 

simplicity, and versatility of this technique makes it useful for both rapid 

prototyping and mass production of polymer-based microfluidic devices. 

In this study, a microchip fabricated by the two-stage embossing and 

vaporized solvent welding was successfully utilized in an LC application, where 

pressure driven flow was required. The bonding technique also demonstrates that 

the microchip can withstand the high pressure necessary in this experiment when 

other fabrication and bonding methods, in both PDMS and thermally bonded hard 

plastics have proven to be unsuccessful. The feasibility of the fabrication 

technique was also tested by making a 3-layer, high-feature-density micromixer. 

The design splits 2 fluid inputs into 20 fluid streams which are re-laminated for 

rapid and effective mixing of two components. The micromixer is used for the 

quantification of total protein content in surrogate biological samples.  A common 

method conjugates orthophthaldialdehyde (OPA) to reduced sulfhydryl groups in a 

second reagent, in this case β-mercaptoethanol (ME), which in turn reacts with 
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primary amines to generate fluorescent tags that facilitate protein quantification. 

The micromixer was used for the quantification of total glycine (Gly) in 

laboratory-prepared samples by mixing the OPA-ME reagent with Gly solutions 

and evaluating mixer performance. 

 

4.3. Experimental 

4.3.1. Microfabrication 

SU-8 Master 

The primary SU-8 master was fabricated on a silicon wafer using standard 

photolithography with a unique maskless exposure system. The SF-100 (Intelligent 

Micro Patterning, LLC, St. Petersburg, Florida) uses micro-optical techniques to 

project images directly onto the SU-8 without the use of a photomask. SU-8 3050 

(Microchem, Newton, MA) was spun on the wafer at a thickness of ~100 µm. The 

wafer was pre-baked at 65 and 95oC, with hold times of 15 and 30 min, 

respectively. After exposure, the wafer was post-baked with hold times of 5 and 15 

min at 65 and 95oC, respectively. The development was performed using SU-8 

Developer (Microchem). Finally, the wafer was hard baked at 200 oC to enhance 

the cross-linking of the developed SU-8. 

 

Two-Stage Embossing 

In the first step of the embossing process, the SU-8 master was embossed 

into a PEI substrate (McMaster-Carr, Santa Fe Springs, CA) using a hot press 

(Fred S. Carver Inc., Summit, NJ) according to a program shown in Table 4.1. The 
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resulting imprint produced complimentary features in the PEI substrate that served 

as the secondary mold in the process. In the second imprinting process, features 

from PEI were embossed into a lower Tg polymer, such as PC or PMMA substrate 

(McMaster-Carr, Santa Fe Springs, CA). The final embossed polymer chip 

contains the same features as the primary SU-8 master. The fabrication process 

used to create the final chip via two-stage embossing was described in a previous 

work.11 The microfeatures were inspected with an optical microscope and channel 

dimensions were measured using a profilometer (Dektak 3 Surface Profile 

Measuring System, Veeco Instrument Inc, Santa Barbara, CA, USA).  

The methodology to create the secondary master was also used with PC 

and Polysulfone (PSU). The procedures employed were the same as those 

described above;  the only differences being the embossing temperatures used for 

PC (~170 oC) and PSU (~215 oC). The channel features in the embossed PC and 

PSU chips were characterized using a profilometer and shown to give reproducible 

results when compared to those obtained in PEI. A photomicrograph of the 

embossed PC and its profile data are shown in Figure 4.1.  
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Figure 4.1. An embossed cross-design microchannel in PC; 15x magnification 
(top). Profile trace of the microchannel features embossed in PC (solid line) and 
polysulfone (dashed line)(bottom). 
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Table 4.1. Thermal embossing conditions used for imprinting microfeatures. 
Pressure of 900 psi was applied, and the substrates were demolded when they 
reached 50oC. 
 

Embossing program from SU-8 to PEI 

Temperatures (oC) Pressures (psi) Time (seconds) 

80 0 30 

160 0 60 

200 0 60 

240 0 300 

240 900 1800 

Embossing program from SU-8 to Polysulfone 

Temperatures (oC) Pressures (psi) Time (seconds) 

80 0 30 

120 0 60 

180 0 60 

215 0 300 

215 900 1800 

Embossing program from SU-8 to PC 

Temperatures (oC) Pressures (psi) Time (seconds) 

45 0 30 

80 0 60 

100 0 60 

170 0 300 

170 900 1800 
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Table 4.1 (Continued) 

Embossing program from PEI to PMMA 

Temperatures (oC) Pressures (psi) Time (seconds) 

75 0 60 

90 0 60 

120 0 150 

120 900 300 

Embossing program from PEI to PC 

Temperatures (oC) Pressures (psi) Time (seconds) 

80 0 60 

120 0 60 

170 0 150 

170 900 300 

 

 

4.3.2. Solvent Welding 

A featureless polymer sheet complimentary in dimensions to the embossed 

chip was immersed in a bonding solvent to soften the surface of the polymer. 

Immersion time and the types of bonding solvent used vary depending on the type 

of polymers used and were determined experimentally (detailed in Table 4.2). 

Then, the excess solvent remaining on the surface was allowed to evaporate until 

the surface re-solidified and became firm. Next, the embossed chip and the 

featureless complement were pressed together at an elevated temperature (slightly 
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above the boiling point of the solvent) to bond the two layers. A schematic of the 

bonding procedure is shown in Figure 4.2.  In addition to bonding like materials, 

this method can be used to bond dissimilar polymers, i.e. PMMA to PC, to 

generate hybrid chips. Bonding procedures for various combinations of polymers 

are presented in Table 4.2.  

The microchip was frozen with liquid nitrogen and fractured to obtain 

cross-sectional images of the microchip. Morphology of the solvent-bonded 

microchips was studied using an Amray (Bedford, MA, USA) scanning electron 

microscope (SEM) operated at 10kV.  
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Figure 4.2. Schematic of the bonding procedure to create channels in the 
microchip. A featureless piece of PMMA was immersed in a bonding solvent to 
soften the surface of the polymer. The excess solvent left on the surface was 
allowed to evaporate at RT until the surface re-solidified and became firm. Next, 
the two pieces were pressed together at 400 psi, 65 oC until bonding occurred.  
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Table 4.2. Bonding procedure for PMMA materials using solvent welding. 

Bonding of PMMA-PMMA based materials 

Solvent type  Chloroform  

Boiling point of solvent (oC) 61 

Soak time in solvent 1.5 minute 

Dry time 2.5 minutes 

Pressure applied (psi) 400 psi 

Temperature (oC) 65  

Bonding time 20 minutes 

Bonding of PMMA-PC based materials 

Solvent type  Chloroform  

Boiling point of solvent (oC) 61 

Soak time in solvent 5 seconds 

Dry time 2 hours 

Pressure applied (psi) 400 psi 

Temperature (oC) 65  

Bonding time 20 minutes 
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4.3.3. LC separation analysis 

The micro-channel of the fabricated chip was slurry-packed with C-18 

octadecylsilane (ODS) porous sorbents Nucleosil, 7 µm, 4000 Å (MetaChem, 

Torrance, CA, USA), and were retained in the channel using filter frits as shown in 

Figure 4.3. Introduction of mobile phase was facilitated by attachment of nano-

ports on the microchip inlet and outlet, which are connected to an LC pump (HP 

Agilent 1100, Foster City, CA, USA) and UV/Vis detector, respectively. A sample 

mixture containing caffeine (CF), bezoic acid (BA), methyl paraben (MP), and 

butyl paraben (BP) with concentrations of 5 mg/L each was introduced and 

separated on the C-18 packed channel on the microchip. A gradient elution of 

water and methanol was used with a flow rate set at 100 µL/min to perform the 

separation of the sample mixtures.  

 

Figure 4.3. Schematic of a PMMA microchip packed with C-18 sorbents to 
perform LC separations. 
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4.3.4. Micro-mixer analysis 

Preparations of Standard Solutions 

 A series of dilutions ranging from 0.0 to 2.6 uM in glycine concentration 

were prepared using 50 mM borate buffer as the diluent. To prepare the borate 

buffer, 3.09 g of boric acid (JT Baker, Phillipsburg, NJ, USA) and 7.91 g of 

sodium tetraborate (Integra Chemical Co., Renton, WA, USA) was diluted with 

water to a final volume of 1L. The buffer was adjusted to pH 9.0 using 0.1 M 

NaOH and 0.1M HCl solutions. Reagent solutions consisted of 100 mg of o-

phthaldialdehyde, 0.2 mL of β-mercaptoethanol, and 5.0 mL of dimethyl sulfoxide 

(DMSO), diluted to a final volume of 100 mL in borate buffer. The OPA, β-

mercaptoethanol, and DMSO were purchased from Sigma (Sigma, St. Louis, MO, 

USA). 

 

Fluorescence Analysis in the Micro-mixer  

 Nanoports were epoxied on each of the microchip inlets. The glycine and 

OPA solutions were pumped into the microchip through the nanoports using a 

Harvard PHD 2000 dual syringe pump (Harvard Apparatus, Holliston, MA, USA) 

with a flow rate of 300 µL/min. Mixing occurred in the microchip and the mixed 

solutions were collected at the outlet and the fluorescence was measured with a 

350 nm excitation and 450 nm emission wavelength. A schematic of the micro-

mixer is shown in Figure 4.4. 
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Figure 4.4. Schematic of the micro-mixer. The micro-channels on the first layer (a) 
are sealed and bonded to the second layer (b), and the channels of the second layer 
were sealed to a blank PMMA piece to produce the final microchip (c). Bottom 
graphic shows the cross section of the final chip. 
 

4.4. Results and Discussion 

The use of SU-8 as a primary master in a two-stage embossing technique 

provides an inexpensive, straightforward, accessible method to produce polymer 

microchips. The whole procedure, from start to finish, can be completed in less 

than 24 hours. By combining the complex design advantages of photolithography 

with the ease and robustness of hot embossing, a powerful rapid prototyping 

approach is realized. This is especially useful during the design optimization stage 
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when feature geometries are frequently modified. Additionally, the reproducibility 

of embossing, strength of the vaporized solvent bond, and low cost of the 

technique also make it attractive for industrial manufacturing. 

Dimensions of the SU-8 microchannels were measured by profilometry. 

For the simple cross-channel design, the micro-channels were shown to be 130 µm 

in width and 93 µm in depth. The PEI secondary master was thermally embossed 

into a blank PMMA piece to obtain the final product. The feasibility and 

reproducibility of the two-stage embossing technique was demonstrated in a 

previous study by repeating the embossing cycle 20 times.11,24 In no instance did 

channel widths or heights in the PMMA replicas exceed those of the primary mold 

by more than 1% and 4%, respectively. The W/H aspect ratios of the 20 PMMA 

replicas were calculated and plotted, and they ranged between 2.58 to 2.74 as 

compared to the W/H aspect ratio of the primary mold of 2.67 The results 

demonstrate that the profile of the channel in final product corresponds well to that 

of the primary mold, and indicates good homogeneity of the imprinting process. 

The data demonstrate that the profiles of the SU-8 and PMMA channels 

correspond well. A slight decrease in the depth (~1 µm; 1%) of the PMMA 

substrate as compared to the primary mold was observed. Successful features 

transfer using the SU-8 primary mold to the final substrates illustrates that the two 

stage embossing technique is reproducible, and can be applied in the area of 

microfluidic fabrication. 

In this work, 1,2-dichloroethane and chloroform were used as the solvents 

for bonding the two polymer pieces together. Two types of polymers, PMMA and 
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PC, were selected as a proof-of-concept media for the proposed method. After 

soaking the polymer in and then allowing the solvent to evaporate from the 

surface, presumably some of the solvent remains trapped in the bulk. In the 

bonding method, this trapped solvent is utilized for bonding the blank piece to 

another piece of plastic that contains the microfeatures. The remaining solvent will 

eventually permeate out from the surface of the blank piece and into the embossed 

piece. The surface of the embossed piece that was in direct contact with the blank 

piece will also be exposed to the solvent through evaporation. When the two 

pieces are exposed to the vaporized solvent in this manner, the polymer chains in 

both pieces can diffuse more readily and entangle with one another. Once the 

solvent has completely permeated out of the chip, the polymer chains lose 

mobility, leaving a solid mass of bulk polymer material and effectively bonding 

the two pieces. 

The bonding was performed at a temperature slightly above the boiling 

point of the bonding solvent. This was done to assist evaporation and permeation 

of the trapped solvent from the featureless piece to the patterned piece. Since the 

bonding was performed by permeation of solvent from one piece to another, to 

facilitate effective bonding, the surfaces of the two pieces must be in close 

conformal contact with one another. When tested on a piece with an uneven 

surface, poor bonding was observed. The irregularity of the surface caused 

bonding to occur only in locations where the two pieces were in direct contact with 

each other. The success of bonding technique was evaluated using methylene blue 

dye as shown in Figure 4.5 to check for leaks resulting from incomplete bonding. 
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No leaks were detected in the microchip or between channels. Figure 4.6 shows 

the SEM image of a PMMA-PMMA solvent bonded microchip. As can be seen 

from the image, channels that correspond well to the features on the master were 

obtained without evidence of channel deformation. The bonding procedure was 

repeated ten times for each combination of PMMA-PMMA and PMMA-PC to 

demonstrate the reproducibility of the technique. All chips were leak-free when 

tested using the methylene blue dye.  

 

 

 

Figure 4.5. Micro-mixer bonding test with methylene blue dye to check for leaks.  
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Figure 4.6. SEM image of PMMA/PMMA microchip showing the microchannel 
cross section (fractured after freezing in liquid nitrogen). 

 

The vaporized solvent bonding technique offers several advantages. The 

primary benefit of this approach is the elimination of the need for a sacrificial 

layer to protect the channels from deformation during bonding. Therefore, 

concerns of incomplete filling and removal of the sacrificial material are 

nonexistent and a step is removed from the fabrication process. Using the 

vaporized solvent bonding technique, only the featureless layer (or, as the case 

may be, the less feature-laden layer) is subjected to direct solvent exposure. The 

heat-assisted permeation of the trapped solvent to the embossed piece preserves 

microfeatures without the need of a sacrificial layer.  

The vaporized solvent welding technique can be applied to various types of 

polymer plastics by utilizing appropriate bonding solvents. Procedures can readily 

be altered and optimized depending on the type(s) of polymer(s) used. As can be 
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seen in Table 4.2, when using chloroform as the bonding solvent, PMMA must be 

soaked for 1 minute, while PC requires only a 5 second soaking time in the same 

solvent to achieve qualitatively similar bonding results. The significant differences 

in soaking times for the polymers are attributable to the different 

solubilities/swelling ratios for different solvents. The room temperature 

evaporation time for PMMA is significantly shorter than PC for the same reason. 

Consequently, the drying time for PMMA at room temperature is only 2 minutes, 

while PC must remain at RT for nominally 2 hours before the surface re-solidifies 

and is ready for bonding.  

The stability of the solvent vapor welded chips was evaluated by measuring 

the bonding strength of the bonded chips. No bond failure was observed in 

experiments in which pressures of up to 1800 psi were applied: microchips 

fabricated using this technique demonstrate a high bonding strength under 

significant pressure. Our results indicate the potential of chips manufactured using 

this approach for use in applications where high backpressures are required. In 

HPLC, where high internal pressure is required, common plasma bonded, adhesive 

bonded, or thermally bonded plastic chips will delaminate or break when used at 

high pressure. The higher bonding strength produced by our technique presents an 

ideal alternative for polymer microchip bonding. 

A microchip fabricated using the two-stage embossing and vaporized 

solvent welding was utilized in an LC application to separate four different 

compounds (CF, BA, MP, and BP). Successful separation of the four compounds 

can be seen in Figure 4.7. As can be expected, the more hydrophobic compounds 
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(methyl and butyl parabens) were retained longer, whereas the slightly 

hydrophobic compounds (caffeine and benzoic acid) eluted faster from the 

channel. Separation efficiencies of 10,000 - 45,000 plates/m were obtained using 

the LC chip. This result demonstrates that the current LC chip confirms the 

feasibility of the fabricated microchip LC to be used as a separation device, and 

shows its potential use in adapting the conventional LC methods. This separation 

data shows as proof-of-concept that the packed-channel LC microchip fabricated 

via this method was feasible to be operated under pressure-driven flow, which is 

an essential analysis component.  

 

 

 

Figure 4.7. Separation of 5/7/7/5 ppm Caffeine/Benzoic acid/Methyl 
paraben/Butyl paraben performed on a C-18 packed microchip. 
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A micromixer fabricated via this method was employed to perform a 

glycine assay by mixing OPA-ME and Gly. To demonstrate the mixing efficiency 

of the micro-mixer, the OPA-ME and Gly solutions were introduced from the two 

inlets at the same flow rate.  The assay depends upon the interaction of OPA and 

the primary amines to form a fluorescent moiety. Fluorescence intensity was 

measured for Gly with concentrations ranging from 0.0 to 2.6 µM. A calibration 

plot was generated from the data and the results show that the Gly concentrations 

directly correlate with the fluorescence signal.  The plot shows very good linearity 

(R2 = 0.9982) with a detection limit of 0.032 µM. These results demonstrate that 

the fabrication technique can successfully be applied to produce functional multi-

layered micro-fluidic chips with complex designs and high feature densities. The 

technique is ideally suited to the fabrication of microfluidic devices that can 

perform a variety of analyses, including separations, mixing, and assay studies.  

 

4.5. Conclusion 

A novel method for the fabrication of polymer-based microdevices was 

presented. An SU-8 primary master was employed in a two-stage embossing 

procedure, followed by a novel vaporized solvent bonding technique that readily 

produces complete microfluidic chips without the need of a sacrificial layer to 

prevent channel deformation. This method of fabrication provides a rapid, cost 

effective, simple, and versatile approach to the production of polymer based 

microdevices, and therefore is amenable to rapid prototyping. The technique lends 

itself readily to many polymers, facilitating device production for a variety of 
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applications and even permitting hybrid polymer chip formation. This fabrication 

method may provide means for researchers who are attempting to bridge the gap 

between proof-of-principle demonstrations of microfluidic devices and those 

attempting to build manufacturable microchips. 

The LC microchip and the micromixer, both produced via the two stage 

embossing technique in combination with solvent vapor welding, demonstrate the 

versatility of the fabrication technique: it was successfully used to build devices to 

perform chromatographic and colorimetric micro-assays. This work demonstrates 

that the fabrication technique is applicable to the construction of highly functional 

multi-layered micro-fluidic chips with complex designs and high feature densities. 

The experimental data shows that the technique is reproducible on various polymer 

types and designs, and can provide alternative solutions to overcome some of the 

limitations in fabricating polymer-based microchip devices; making chemical and 

biomedical analyses on them more attractive. 
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CHAPTER 5  

 

SUMMARY AND CONCLUSIONS 

 

 

5.1. Improved Fabrication and Bonding Techniques for Manufacturing 

Polymer-based Microfluidic Devices 

 

The main objective in developing micro total analysis systems (µTAS) was 

to create new means for chemical sensing, as sensors at the time did not provide 

the acceptable or useful results in terms of selectivity and service lifetime. 

Miniaturization was initially undertaken in order to enhance analytical 

performance rather than to reap any benefit of reduced instrument footprint. It was 

soon realized that the small size of these devices presented significant advantages 

beyond analytical performance, to include reduced reagent, eluent and sample 

consumption. Additionally, µTAS devices were uniquely well suited to the 

integration of fluid delivery, sample handling, analysis (i.e. chromatography, 

electrophoresis), functionalization/derivatization, and detection steps.  

In this dissertation, novel fabrication and bonding techniques for creating 

microfluidic devices were developed. In Chapter 2, I presented a melthod by 

which polymeric microchips could be fabricated using a two-stage embossing 

technique and solvent welding to form channels and other useful features for 

microfluidic devices. An aluminum mold was fabricated using CNC machining to 
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create the desired microchannel design. Conventionally, the machining process 

involved milling negative (inverse) features into an aluminum substrate by 

selective removal of the metal. The fabrication of a device with recessed (positive) 

features as were needed in our device was considerably easier and faster than 

creating negative features in a master mold. This method offered advantages over 

the conventional approach: simpler CNC programming, faster prototyping, and 

significantly reduced material removal. The process was followed by two-stage 

embossing, which involved two polymer substrates with different glass transition 

temperatures (Tg), polyetherimide (PEI; Tg~216oC) and poly(methyl methacrylate) 

(PMMA; Tg~105oC). The aluminum mold was used to emboss the PEI, and then 

the PEI was then used to emboss the PMMA. The resulting PMMA substrate 

possessed the same features as those of the aluminum mold. In Chapter 2, I 

showed that successful feature transfer from the aluminum mold to PMMA 

substrates can be achieved reproducibly employing this method.  This fabrication 

approach was shown to offer several advantages. The expensive process of 

producing the aluminum master was shown to be needed only once. Additionally, 

the life of the primary aluminum master was preserved via the two-stage 

embossing approach, as the replication process could be repeated many times 

using the secondary PEI mold. 

I presented a new bonding method by solvent welding using ice as 

sacrificial layer in Chapter 3. Bonding of the embossed and blank PMMA 

substrates to enclose the microchannels was achieved by solvent (dichloroethane) 

welding. The channel was filled with water that formed a solid sacrificial layer 
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when frozen. The ice layer prevented channel deformation when the bonding 

solvent was applied between the two chips during bonding. This bonding method 

had advantages over the conventional solvent bonding method in terms of the 

sacrificial layer materials. Using water as the sacrificial layer offered many 

advantages as it is readily available, non toxic, has a low evaporation rate, a high 

freezing point relative to the bonding solvent, and a low melting point that makes 

it easier to flush out after sealing, as compared to using other sacrificial media, 

such as paraffin wax or low-melting temperature alloys. By freezing the water, 

removal of the sacrificial layer was achieved by simply letting the ice melt from 

the channel at room temperature. This demonstrated that water could be one of the 

most compatible sacrificial media for application to the assembly of microfluidic 

devices. The PMMA microchips bonded using this procedure could withstand an 

internal pressure of > 2000 psi; they were more than 17 times stronger than 

thermally bonded chips. 

While the bonding method using ice as sacrificial layer was shown to have 

distinct advantages, the challenge is that a sacrificial layer was still required to 

protect the channel when exposed to the bonding solvent during sealing to avoid 

channel deformation.  This added to the complexity and cycle time for the chip 

assembly process. In Chapter 4, I developed a vaporized solvent bonding 

technique that readily produced complete microfluidic chips, without the need of a 

sacrificial layer to prevent channel deformation to form complete multilayer 

microfluidic devices.  
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As described in Chapters 2 and 3, masters fabricated by CNC machining 

assure great precision, are relatively simple to design, and are readily 

manufacturable. However, for the purpose of testing design concepts for 

microdevices, especially in the academic research laboratory, lower-cost 

prototyping techniques that provide the possibility of smaller feature sizes are 

highly desirable. The high initial set-up and tool costs for CNC machining do not 

allow for rapid, inexpensive device design modification, which is a necessity in the 

design optimization stage. Therefore, in Chapter 4, I developed a method by which 

an SU-8 master can be used in a two-stage embossing process to create micro-

features, followed by vaporized solvent welding. The benefit of this method is that 

the primary master is created by standard photolithography; a significantly 

cheaper, faster, and simpler method than CNC machining. In addition, this method 

was shown to be capable of providing high aspect ratio, small feature size, smooth 

wall surface features. The inexpensive SU-8 primary master was used in the 

previously described two-stage process to generate microfeatures in hard 

polymers. Because of the low cost and simplicity of the method, and the need to 

employ the primary master only once in the process of replica molding many 

chips, the use of SU-8 to generate the primary master is suitable for small volume 

production. With the two-stage embossing approach, repeated use of the SU-8 

master is avoided and concerns over feature distortion do not restrict the process. 

The advantages of this technique are that it provides a more direct method to 

generate hard polymer microfluidic chips than classical techniques and therefore is 

highly amenable to rapid prototyping, which can easily be translated into a 
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production approach. In addition, the technique can readily be applied to many 

polymers, facilitating device production for a variety of applications, even 

permitting hybrid polymer chips (having dissimilar polymer layers), and provides 

a rapid, cost effective, simple, and versatile approach to the production of 

polymer-based microdevices. 

In order to fully realize the benefits of microfluidic analytical and synthetic 

tools in a variety of applications, methods are needed that make it possible to 

fabricate chips rapidly, inexpensively, and in a minimal number of process steps.  

The methods introduced here contribute to meeting these needs.  

A significant challenge that remains as an impediment to the broader 

application of µTAS is the lack of efficient interface connections between 

microfluidic devices and the macroscale environment; which is often referred to as 

the “macro-to-micro interface” or interconnect. The production of disposable 

microfluidics with integrated interconnects would significantly reduce the cost, 

both financially and temporally, required to manipulate several more conventional 

interconnects. Fabrication using plastic materials provides the additional benefit of 

robustness relative to glass and silicon, which are brittle and fragile. Thus, 

fabrication of the interconnects can more readily be included in the initial molding 

process with plastics than is the case with glass and silicon. Further improvement 

can be achieved by standardizing interfaces for microfluidic devices.[1-2] Clearly, 

there are many interesting paths of inquiry that remain for the development of 

microfluidic devices, and discovering solutions to the interconnect issue is an area 

ripe for study. 
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