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Abstract Thermoplastics are highly attractive substrate

materials for microfluidic systems, with important benefits

in the development of low cost disposable devices for a host

of bioanalytical applications. While significant research

activity has been directed towards the formation of micro-

fluidic components in a wide range of thermoplastics,

sealing of these components is required for the formation of

enclosed microchannels and other microfluidic elements,

and thus bonding remains a critical step in any thermo-

plastic microfabrication process. Unlike silicon and glass,

the diverse material properties of thermoplastics opens the

door to an extensive array of substrate bonding options,

together with a set of unique challenges which must be

addressed to achieve optimal sealing results. In this paper

we review the range of techniques developed for sealing

thermoplastic microfluidics and discuss a number of prac-

tical issues surrounding these various bonding methods.

Keywords Adhesive bonding � Thermal fusion bonding �
Solvent bonding � Welding �
Surface treatment and modification

1 Introduction

Thermoplastics are a class of synthetic polymers which

exhibit softening behavior above a characteristic glass

transition temperature (Tg) resulting from long-range

motion of the polymer backbone, while returning to their

original chemical state upon cooling. Thermoplastic poly-

mers differ from elastomer or thermoset plastics by their

ability to be softened or fully melted and reshaped upon

heating, while remaining chemically and dimensionally

stable over a wide range of operational temperatures and

pressures. Together with the availability of tailored

chemophysical properties, this characteristic makes ther-

moplastics highly adaptable for use as substrates for

microfluidic applications. Compared with more traditional

microfluidic materials such as silicon and glass, thermo-

plastics offer substantially lower raw material costs and

lower manufacturing costs. Just as the fabrication of

microfluidic devices in elastomeric polymers such as

polydimethylsiloxane (PDMS) typically involves a simple

casting process to transfer patterns from a mold to the

elastomer (Xia and Whitesides 1998), microchannel fabri-

cation in thermoplastics has been reported using a variety of

replication methods including hot (Martynova et al. 1997)

or cold (Xu et al. 2000) embossing, injection molding

(McCormick et al. 1997), or thermoforming (Giselbrecht

et al. 2006). More recently, hot roller embossing into

polymer foils using high throughput reel-to-reel processing

promises further reductions in fabrication costs for mass

produced thermoplastic microfluidics (Velten et al. 2008).

In addition to replication-based fabrication, thermoplastics

are also amenable to direct machining techniques such as

laser ablation and mechanical micromilling. These various

fabrication methods are well established and summarized in

recent review articles (Becker and Gartner 2000, 2008;

Becker and Locascio 2002; Rotting et al. 2002; Reyes et al.

2002; Rossier et al. 2002; Chen et al. 2008a).

Due to these advantages, the popularity of thermoplas-

tics for microfluidic applications has grown significantly in
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recent years. As revealed by a search of the Thomson

Reuters ISI and National Institutes of Health PubMed

databases (Fig. 1), silicon and silica remain the dominant

materials for microfluidics, second only to PDMS which

experienced explosive growth following the introduction of

soft-lithography-based elastomer casting in the late 1990s

(Xia and Whitesides 1998). While the use of PDMS far

surpasses that of any single thermoplastic commonly used

for microfluidics including polymethylmethacrylate

(PMMA), polycarbonate (PC), and cyclic olefin polymers

(COP) or copolymers (COC), the more general class of

thermoplastics reveals a strong growth trend, reflecting

expanding research attention towards these materials for

microfluidic applications.

Early developments in thermoplastic microfluidic sys-

tems were largely focused on the use of PC and PMMA

due to their wide availability in a variety of grades with

high optical transmission in the visible wavelengths, good

solvent and chemical compatibility, and well-characterized

molding parameters. More recently, cyclic olefins (COC

and COP) have emerged as highly attractive microfluidic

materials, with high optical clarity into the deep-UV range

(*250 nm) (Piruska et al. 2005), low water absorption,

and exceptionally good resistance to a host of solvents

including organics such as acetonitrile commonly used in

liquid chromatography (Ro et al. 2006). A short list of

other engineering thermoplastics which have been used for

microfluidic chips include polystyrene (PS), polyethere-

therketone (PEEK), various polyesters, polyethylene

terephthalate (PET), parylene and fluoropolymers such as

polytetrafluoroethylene (PTFE) and fluorinated ethylene

propylene (FEP). Due to the prevalence of optical detection

in microfluidic systems, many thermoplastics used for lab-

on-a-chip systems are amorphous materials that are trans-

parent over a wide wavelength range. One exception is

PET, which can be either transparent or opaque, depending

on grade and processing conditions (Strong 2000). A chart

summarizing several important material properties for

common microfluidic thermoplastics is provided in

Table 1. The qualitative metrics shown in this chart are

neither comprehensive nor definitive, and are provided

only as a general guide for material evaluation. In partic-

ular, note that solvent resistance can be highly dependent

upon the solvent type, e.g. hydrocarbons, alcohols, ketones,

etc.

Regardless of the fabrication method employed, the

sealing of the open microchannels is necessary to produce

Fig. 1 Approximate numbers of annual publications referencing

different materials for microfluidics. Maximum and minimum values

defining the ranges were extracted from the Thomson Reuters ISI and

NIH PubMed databases, respectively. Data for 2008 is projected

based on reference counts from the first half of the year

Table 1 Summary of physical properties for common microfluidic thermoplastics

Polymer Acronym Tg (�C) Tm (�C) CTE

(10-6�C-1)

Water

absorption (%)

Solvent

resistance

Acid/base

resistance

Optical

transmissivity

Visible UVa

Cyclic olefin (co)polymer COC/COP 70–155 190–320 60–80 0.01 Excellent Good Excellent Excellent

Polymethylmethacrylate PMMA 100–122 250–260 70–150 0.3–0.6 Good Good Excellent Good

Polycarbonate PC 145–148 260–270 60–70 0.12–0.34 Good Good Excellent Poor

Polystyrene PS 92–100 240–260 10–150 0.02–0.15 Poor Good Excellent Poor

Polypropylene PP -20 160 18–185 0.10 Good Good Good Fair

Polyetheretherketone PEEK 147–158 340–350 47–54 0.1–0.5 Excellent Good Poor Poor

Polyethylene terephthalate PET 69–78 248–260 48–78 0.1–0.3 Excellent Excellent Good Good

Polyethylene PE -30 120–130 180–230 0.01 Excellent Excellent Fair Fair

Polyvinylidene chloride PVDC 0 76 190 0.10 Good Good Good Poor

Polyvinyl chloride PVC 80 180–210 50 0.04–0.4 Good Excellent Good Poor

Polysulfone PSU 170–187 180–190 55–60 0.3–0.4 Fair Good Fair Poor

Tm melting temperature, CTE coefficient of thermal expansion
a high UV transmissivity often requires the selection of special polymer grades, e.g. without stabilizers or other additives
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the final enclosed fluidic paths, and thus a critical step in

the fabrication process invariably involves bonding a cap-

ping layer to the microchannel substrate. Depending on the

functional requirements of the final microfluidic system,

there are a number of considerations that must be taken into

account when selecting and implementing an appropriate

bonding method. Bond strength is a critical consideration,

with some applications requiring interfacial bond energies

on par with the cohesive strength of the bulk substrate

material, and others benefiting from relatively weak and

reversible bonds. Bond interfaces must provide suitable

chemical or solvent compatibility to prevent degradation

during use, without compromising dimensional control of

the microchannels due to deformation during the bonding

process. Other important considerations for the bond

interface include surface chemistry, optical properties, and

material compatibility and homogeneity of the channel

sidewalls. Additional issues such as manufacturability and

compatibility with world-to-chip interconnects can also

limit the selection of bonding methods for specific micro-

fluidic applications. For example, the use of a thin

laminating film to seal microchannels may be inappropriate

when there is a need for a thicker sealing layer to support

large access reservoirs or other fluidic connections to the

embedded channels.

Microfluidic bonding techniques may be categorized as

either indirect or direct. Indirect bonding involves the use

of an adhesive layer to seal two substrates and encapsulate

microchannels fabricated in one or both of the substrates.

In contrast, direct bonding methods mate the substrates

without any additional materials added to the interface.

While direct bonding is arguably a form of adhesive

bonding, where the bulk polymer itself comprises the

adhesive, it is distinguished by its ability to produce mi-

crochannels with homogeneous sidewalls, whereas indirect

bonding methods require an intermediate adhesive that

results in channel sidewalls with different chemical, opti-

cal, and mechanical properties than the bulk polymer.

In general, bonding forces between mating surfaces arise

from either molecular entanglement or charge interactions.

Entanglement can occur by mechanical interlocking of

diffusion between the surfaces, while bonding due to

charge interactions can result from electrostatic or chemi-

cal (covalent) bonding, acid-base interactions, or van der

Waals forces (Schultz and Nardin 1994; Pocius 2002). For

example, thermoplastic bonding methods like thermal

fusion bonding, solvent bonding, localized welding and

surface treatment and modification bonding are mainly

achieved by molecular entanglement. Adhesive bonding is

achieved form charge interactions.

High interfacial compatibility is optimal allowing effi-

cient intermixing or interaction of polymer chains during

thermoplastic bonding process. This is due to the fact that

both polymers use the same internal bond structures. In

most cases, bonding at high temperature can greatly

enhance polymer entanglement and interaction at the

bonding interface resulting in high bond strength. However,

unlike macro-scale devices, bonding methods for micro-

fluidic chips must be adapted and optimized for the

demanding task of enclosing micron-scale, or even sub-

micron-scale, fluidic channels without excessive deforma-

tion of the channel cross-sections. Thus, excessive heating

and melting of thermoplastic are usually undesired. In low

temperature bonding applications, high surface wettability

is preferred to promote more intimate contact between

mating surfaces during the bonding process. However, most

thermoplastic polymers are formed from hydrocarbons with

additional atomic components such as oxygen and nitrogen,

resulting in low-energy hydrophobic surfaces with poor

wettability, limiting the strength of bonds which may be

readily formed. To overcome this limitation, a variety of

direct and indirect bonding methods have been reported for

thermoplastic microfluidics that leverage techniques

developed for traditional thermoplastic manufacturing.

Here we explore the range of bonding techniques that

have been used for sealing thermoplastic microfluidics and

describe issues that impact ongoing developments in the

field. In addition to reviewing the background and state-of-

the-art in thermoplastic bonding methods for microfluidics,

practical issues which must be considered are discussed.

2 Indirect bonding

2.1 Adhesive bonding

Due to the simplicity of adhesive bonding, this approach

has been widely used for sealing thermoplastic microfluidic

chips. One of the simplest adhesive bonding techniques is

the use of glues, i.e. liquid adhesives that set through the

evaporation of solvent, or epoxies and acrylates that cure

(polymerize and crosslink) after mixing with a catalyzing

agent. This technique has been discussed as a viable

approach to polymer microfluidic bonding (Becker and

Gartner 2000; Rotting et al. 2002), but there are few pub-

lished examples where this strategy has been successfully

employed, likely due to the challenge of channel clogging.

More commonly, adhesive bonding is performed by

applying a thin layer of a high viscosity liquid adhesive

which forms a bond after curing by UV light irradiation.

UV-curing adhesives are generally manufactured from

synthetic resins containing photoinitiators to enhance resin

crosslinking upon exposure to specific wavelengths of

light. While a wide range of UV-curable adhesives is

available, they are most commonly derived from polyester

or acrylate resins which possess a surface energy less than
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the critical wetting tension of most typical thermoplastics

except olefin thermoplastics like COC and PS, thereby

ensuring spontaneous wetting of the microfluidic chip

surfaces (Pocius 2002). Regardless of the method used to

activate the liquid adhesive, several approaches have been

described to prevent adhesives from clogging the micro-

channels. Dang et al. reported a contact printing process in

which adhesive layer can be precisely controlled by the

stainless steel pate hollow and use sacrificial channel net-

work design to remove air bubbles and excessive adhesive,

ensuring that the adhesive cannot enter the channels

(Fig. 2) (Dang et al. 2005). A further benefit of this

approach is that with the exception of the exposed thick-

ness of the adhesive layer, the resulting microchannels

possess homogeneous surface properties. Similar results

have been achieved by using screen printing to apply

adhesive onto the cover plate prior to bonding (Han et al.

2003), although careful alignment between microchannels

and adhesive patterns is required in this latter approach.

In a related method a microchannel substrate is placed

beneath a cover plate with a small gap separating the

mating surfaces (Lu et al. 2008). A UV-curable adhesive

resin introduced into reservoirs in the cover plate wicks

into the 5–10 lm gap due to capillary action. When

reaching the 250 lm width and 100 lm depth micro-

channel, the resin stop flowing into microchannel due to

the capillary pressure drop, thus prevent leakage of resin

into the channels (Fig. 3). Similarly, hydroxyethyl meth-

acrylate (HEMA) monomer mixed with a photoinitiator

was directly injected into microchannels formed in a

PMMA substrate loosely capped with a second PMMA

plate (Lai et al. 2004). The adhesive entered the interstitial

region between the plates, while excess HEMA within the

microchannels was flushed using N2 gas before UV curing.

In addition to the use of epoxies and other liquid adhesives,

partially-cured PDMS has also been investigated as an

adhesive layer for bonding PMMA microfluidic substrates

(Chow et al. 2006).

Another common method for adhesive bonding is the

use of lamination films. This approach is attractive for

several reasons. Commercial laminators are inexpensive

and simple to use, and many different laminate material

options with film thickness as low as 40 lm are available.

The process is also high throughput and scalable, making

laminate sealing well suited for mass production of ther-

moplastic microfluidics. Pressure sensitive adhesive films

use a polymer layer which can flow at room temperature,

allowing effective wetting of the bonding surface to

encourage a strong bond. While pressure sensitive films are

Fig. 2 Adhesive application using a contact printing process. Adhe-

sive was poured on steel plate with a hollow and spread over the plate

using a blade (step 1, 2). Adhesive was applied on the silicon rubber

pad (step 3, 4). The adhesive on the silicone pad was deposited on the

PMMA chip, the adhesive thickness on PMMA chip was nearly one-

fourth of the hollow depth and excessive adhesive was removed by

sacrificial channels (step 5, 6). (Dang et al. 2005). Reproduced by

permission of The Royal Society of Chemistry

Fig. 3 UV-curable adhesive application using capillarity-mediated

resin introduction (Lu et al. 2008). Copyright Wiley-VCH Verlag

GmbH & Co. KGaA, reproduced with permission
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available in both solvated liquid form and as dry lamination

films (Fig. 4a) (Huang et al. 2007), microfluidics applica-

tions most commonly employ the latter. Lamination using

thermally-activated adhesives is another approach demon-

strated for sealing thermoplastic microfluidics (Fig. 4b)

(Roberts et al. 1997; Klank et al. 2002). Thermal lamina-

tion films consist of a polymer layer coated with an

adhesive resin which is activated at elevated temperatures,

typically on the order of 100–150�C. Several variants on

the basic lamination process have been reported. These

include the use of a thin COC sheet plasticized using a

solvent mixture as an adhesive lamination film (Paul et al.

2007), and the use of dry lamination films formed from an

uncrosslinked photopatternable resin (SU-8) spun onto a

PET backing sheet against a second layer of fully cross-

linked SU-8 which was also used to define the

microchannels (Abgrall et al. 2006). The unexposed SU-8

behaved as a thermoplastic which reflowed during the

bonding process. In a related lamination process, standard

laser printer toner was used as a binding agent, allowing

printed transparency films to be bonded by thermal lami-

nation with the toner acting as both adhesive and

microchannel sidewalls (do Lago et al. 2003).

3 Direct bonding

3.1 Thermal fusion bonding

During direct thermal bonding, substrates are heated to a

temperature near or above the Tg of one or both of the

substrate materials, while applying a pressure to increase

mating contact forces. The combined temperature and

pressure can generate sufficient flow of polymer at the

interface to achieve intimate contact, with interdiffusion of

polymer chains between the surfaces leading to a strong

bond. Under ideal conditions, the resulting bond strength

can reach the cohesive strength of the bulk material. An

important advantage of direct thermal bonding is that the

microchannels possess homogeneous surface properties

when identical materials are used for both the micro-

channel and capping substrates. This feature, together with

the relatively high bond strengths and overall simplicity of

the approach, have made direct thermal bonding the most

common method for sealing microfluidic chips. Thermal

fusion bonding of various thermoplastics has been widely

demonstrated, including PC (Li et al. 2004; Buch et al.

2004; Wang et al. 2005; Park et al. 2008; Shadpour et al.

2007; Wang et al. 2008), PMMA (Chen et al. 2003;

Arroyo et al. 2007; Kelly and Woolley 2003; Liu et al.

2008; Nie and Fung 2008; Nikcevic et al. 2007; Sun et al.

2006; Tan et al. 2008; Yao et al. 2005; Zhu et al. 2007),

and COC (Ahn et al. 2004; Bhattacharyya and Klapperich

2006; Riegger et al. 2007; Tsao et al. 2008; Steigert et al.

2007; Fredrickson et al. 2006; Olivero and Fan 2008).

Direct thermal bonding of a wide range of polymers

including polystyrene, nylon, polysulfone (Shadpour et al.

2006) as well as polystyrene and copolyester (Locascio

et al. 1999) have also been explored. Several fluoropoly-

mers have also been successfully bonded using the thermal

fusion method (Taberham et al. 2008). Thermal bonding

can also be readily applied to bonding dissimilar materials.

For example, PVDC films have been used as low tem-

perature sealing layers to thermally bond PC substrates

(Hromada et al. 2008). When thermal bond dissimilar

material, the bonding temperature need to set near or

above their Tgs. So, thermoplastic with similar Tgs are

preferred to prevent channel distortion on the lower Tg

substrate.

One major challenge of thermal fusion bonding is

channel deformation caused by un-optimized temperature

and pressure. Thus, properly controlling temperature,

pressure, and time is critical to achieve high bond strength

while limiting deformation of the embedded microchannels

due to bulk polymer flow. For this reason the use of a

programmable hot press (Li et al. 2004, 2005, 2008; Buch

et al. 2004; Nie and Fung 2008; Bhattacharyya and Klap-

perich 2006; Hromada et al. 2008; Tsao et al. 2007),

commercial bonding system (Arroyo et al. 2007; Abgrall

et al. 2007), or more recently, high throughput roller

laminator (Fredrickson et al. 2006; Olivero and Fan 2008)

is generally preferred. However, for relatively low density

channel designs, heating a pair of substrates which have

been manually aligned and clamped together before being

placed in an oven can provide a simple method for proto-

typing thermal bonded chips (Park et al. 2008; Shadpour

et al. 2007; Kelly and Woolley 2003; Sun et al. 2006;

Shadpour et al. 2006; Locascio et al. 1999; Taberham et al.

2008).

Fig. 4 Laminate film sealing based on a pressure sensitive film

(Huang et al. 2007), and b thermal lamination film (Roberts et al.

1997) (copyright Wiley-VCH Verlag GmbH & Co. KGaA, repro-

duced with permission)
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Several general methodologies have been explored to

reduce the degree of channel collapse during thermal bond-

ing. The first approach relies on the use of high bond

temperatures as high as 58�C above the substrate Tg, while

applying low pressures to limit substrate deformation (Sun

et al. 2006; Tan et al. 2008). Using this approach, excellent

stability of channel cross-sections can be attained, as revealed

in Fig. 5 for the case of laser micromachined channels in

PMMA (Sun et al. 2006). Alternately, bonding substrates

using high pressures but at temperatures well below Tg has

also proven useful for reducing channel collapse while

achieving stable bonds (Park et al. 2008; Ahn et al. 2004). The

bonding strength is lower than the high bonding temperature

ones but strong enough to ensure no fluid leakage.

Even when using a well characterized commercial hot

press, selecting process parameters to limit channel col-

lapse during thermal bonding is a critical step which must

be optimized for each application. For a specific type of

thermoplastic, different material grades can require sig-

nificant adjustments to the bonding parameters due to

variations in Tg and flow properties. Optimal process val-

ues can even vary between different polymer lots, requiring

that experimental conditions be monitored and adjusted on

an ongoing basis. Before bonding, the substrates should be

as flat, clean, and dry as practicable. When possible,

bonding should be performed in a cleanroom environment

to prevent particulates from becoming trapped within the

sealed microchannels. When a high degree of flatness

cannot be achieved for the initial thermoplastic plates,

thermally conductive silicone pads may be placed on either

side of the bonding substrates to help evenly redistribute

pressure over the full substrate area during bonding.

3.2 Solvent bonding

A chemical acts as a solvent for another material when the

molecules of each material do not exhibit a tendency to

separate from one another, i.e. when the total molecular

force of attraction between the dissimilar materials is

greater than the force of attraction for each material alone

(Brydson 1999). For interactions between organic solvents

and polymers, solubility can be adequately described by the

Hildebrandt parameter (d), defined as the square root of the

cohesive energy density for each molecular system (Hil-

debrandt and Scott 1949). The cohesive energy, dictated by

attractive molecular forces for each material, can be

determined from the material’s energy of vaporization

(Uvap) defined as the difference between the latent heat of

vaporization (�H�) and the mechanical work resulting from

evaporation. This latter term is approximately equal to the

product of the gas constant (R) and the absolute tempera-

ture (T) so that

Uvap ¼ �H� � RT ð1Þ

The energy of vaporization divided by the molar volume

of the solvent (m) yields the cohesive energy density, and

the Hildebrandt solubility parameter is defined as the

square root of this quantity, i.e.

d ¼ �H� � RTð Þ=m½ �1=2 ð2Þ

with units of (J/cm3)1/2 or MPa1/2. Thus the Hildebrandt

parameter provides a measure of the cohesive molecular

forces for both solvent and solute. If the cohesive forces for

each material are similar, their molecules can readily co-

exist and dissolution of the solute will occur (Hildebrandt

and Scott 1949). For amorphous non-polar polymers, the

cohesive forces between the materials can be approximated

as the geometric mean of the individual cohesive forces. In

this case, a material will act as a good solvent for a given

material when the Hildebrandt parameters for the materials

are nearly equal to one another (Brydson 1999). For

amorphous polar polymers, a modified model for solubility

developed by Hansen that segregates individual terms

due to dispersion forces, dipole-dipole interactions, and

Fig. 5 Cross-sectional views of

enclosed laser micromachined

PMMA channels, with

increasing depth from a–f,
thermally bonded at 180�C, well

above Tg, using a low bonding

pressure below 20 kPa (Sun

et al. 2006). Copyright IOP

Publishing Ltd., reproduced

with permission
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hydrogen bonding may be applied (Hansen 1969). A

summary of solubility parameters for common thermo-

plastic polymers and organic solvents is shown in Table 2.

Solvent bonding of thermoplastics takes advantage of

polymer solubility in selected solvent systems to achieve

entanglement of polymer chains across the interface. When

a thermoplastic surface is solvated, polymer chains become

mobile and can readily diffuse across the solvated layer,

leading to extensive intertwining of chains between the

surfaces and resulting in exceptionally strong bonds.

Depending upon the specific approach used, solvent

bonding can be a high throughput process that is readily

scalable from prototyping to mass production. Solvent may

be applied to the polymer substrates in either liquid or

vapor phase. In general, liquid phase application is per-

formed using polymer/solvent systems with dissimilar

solubility parameters in order to prevent excessive solvent

uptake into the polymer matrix which could lead to channel

deformation during bonding. Excessive solvent absorption

can also be prevented by using very short solvent exposure

times. For example, when using acetone (d * 20.4) to

solvent bond PMMA (d * 20.1), limiting solvent expo-

sure of the microchannels to less than 3 s was shown to be

necessary to prevent channel deformation (Shah et al.

2006). Vapor phase application can avoid this issue by

allowing more controllable exposure of solvent molecules

to the polymer surface.

As evident from Table 2, appropriate solvents are

available for bonding a wide range of microfluidic ther-

moplastics. In practice, the majority of reported solvent

bonding work for microfluidic applications has focused on

PMMA. Solvent bonding of PMMA has been performed by

simply immersing the chips in ethanol for 10 min before

mating them together under pressure (Klank et al. 2002).

Because the solubility parameters of PMMA and ethanol

are substantially different, the immersion process could be

performed without significant channel deformation. Sol-

vent bonding of PMMA chips has also been explored using

either ethanol, methanol, or isopropanol (Hsu and Chen

2007), with the solvent applied to the capping layer by

quickly dipping the polymer chip into a solvent bath. The

chips were immediately removed and bonded to the mi-

crochannel plates using different pressures, temperatures,

and times to determine optimum process conditions. The

bond strength of optimum process exhibit as high as

23.5 MPa. Direct application of acetonitrile (Sun et al.

2007) and a solvent system comprising an aqueous solution

of dimethyl sulfoxide (DMSO) and methanol (Brown et al.

2006) have also been reported for PMMA bonding. In the

latter example, softening of the PMMA was shown to be

limited to only the first 50 nm of the surface following

30 min exposure to the solvent mixture (Brown et al.

2006).

Enhanced solvation of chip surfaces by isopropanol has

been explored by controlling the solvent temperature to

adjust its co-solubility with PMMA (Ng et al. 2008). In one

interesting approach, a mixture of ethylene dichloride and

ethanol was used as an azeotropic solvent (Lin et al. 2005,

2007). An azeotropes is a mixture in which the ratio of

constituents in the vapor phase is equal to the ratio in the

liquid phase upon boiling. In the case of ethylene dichlo-

ride and ethanol, the azeotrope possesses a characteristic

boiling point below that of either individual component in

the mixture. The ethylene dichloride (d * 20) acted as a

solvent for the PMMA substrates, while the ethanol

(d * 26) served to prevent microchannel clogging.

Because the composition of the solvent mixture remains

unchanged during evaporation, the constant ratio of ethanol

ensured that channel deformation was avoided during the

drying process.

In addition to controlling the solvent composition,

exposure time and temperature, other approaches to

increasing bond strength while preventing unwanted

deformation of enclosed PMMA microchannels during

solvent bonding have been reported. One approach

involved an initial deposition of a thin layer of isopenty-

lacetate onto a glass plate, which was then used as a stamp

Table 2 Solubility parameters for selected thermoplastic polymers

and organic solvents (Brydson 1999; Barton 1991; Fitzpatrick and

Dean 2002)

Thermoplastic d [(J/cm3)1/2]

PTFE 12.6

PE 16.3

PP 16.3

COC 17.7

PMMA 20.1

PS 18.7

PVC 19.4

PC 19.4

PET 21.8

Solvent d [(J/cm3)1/2]

Cyclohexane 16.7

Methylene dichloride 19.8

Ethylene dichloride 20.0

Acetone 20.4

n-Hexanol 21.8

Isopropanol 23.4

Acetonitrile 25.1

Ethanol 26.0

Dimethyl sulfoxide 26.7

Methanol 29.6

Water 47.7
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to apply a controlled dose of solvent to the chip containing

microchannels (Fig. 6) (Griebel et al. 2004). Sacrificial

phase change materials have also been explored as a highly

robust solution for preventing channel collapse even after

extended solvent exposure. In this approach, open micro-

channels filled with liquid wax (Kelly et al. 2005) or water

(Koesdjojo et al. 2008) are cooled to solidify the sacrificial

material. When directly applying either acetonitrile (Kelly

et al. 2005) or ethelyene dichloride (Koesdjojo et al. 2008)

to the chip surfaces, the sacrificial materials prevent sol-

vation of the channels walls, and thus channel deformation

can be virtually eliminated. The process flow for the sac-

rificial frozen water process is depicted in Fig. 7.

Solvent bonding has also emerged as an important

method for sealing COC microchannels. Because COC is

compatible with typical solvents used in high performance

liquid chromatography (HPLC) such as acetonitrile,

microfluidic systems based on COC are attractive for chip-

HPLC applications. However, pressure-driven HPLC

requires high internal pressures on the order of 10–40 MPa,

well beyond the typical limits of microfluidic chips bonded

by adhesives or thermal bonding techniques. Solvent

bonding is uniquely suited for achieving adequate bond

strength for these applications.

In one example of COC solvent bonding, a tailored

mixture of ethanol and decalin was used to introduced a

well-defined volume of solvent into a COC chip surface by

timed immersion (Wallow et al. 2007). The solvent mixture

exhibited case-II permeation, in which the solvated region

of the polymer surface is separated from the unsolvated

bulk by a sharp boundary. Using this approach, cohesive

failure was observed for internal channel pressures around

10 MPa. The deposition of solvents from the vapor phase

onto COC chips has also been described (Ro et al. 2006;

Mair et al. 2007; Chen et al. 2008; Liu et al. 2007; Morales

et al. 2006). Mair et al. reported a 50% bond strength

enhancement by irradiating the bonded chip with deep UV

light after solvent exposure step. Maximum burst pressures

of 34.6 MPa (Mair et al. 2007) has been reported for COC

chips bonded by 90 s cyclohexane vapor exposure and

subsequent 15 min deep UV irradiation.

3.3 Localized welding

A common non-adhesive and non-mechanical method for

bonding macroscale thermoplastic components is the

introduction of ultrasonic energy to induce heating and

softening at the interface of the mating parts. An advantage

of this method is that energy can be introduced locally for

targeted bonding of specific regions, or globally for uni-

form bonding of all mating interfaces (Strong 2000).

Efficient ultrasonic welding of PMMA and PEEK micro-

fluidic components has been demonstrated using a

commercially available welding system operating at

35 kHz (Truckenmuller et al. 2006a, b). By mechanically

machining the microchannel chip and cover plate to con-

tain energy directors and structures to guide the melt flow

during bonding, and by optimizing the welding parameters

including force, power and time, precise bond results were

achieved (Fig. 8).

Fig. 6 PMMA electrophoresis chip bonded using isopentylacetate

deposited by solvent stamping (Griebel et al. 2004). Reproduced by

permission of The Royal Society of Chemistry

Fig. 7 Solvent bonding process employing frozen water as a

sacrificial layer to preserve the dimensional stability of the enclosed

microchannels (Koesdjojo et al. 2008)
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An alternative method to achieve localized welding of

thermoplastics is the use of microwave energy to heat

embedded metal films located between the desired bond

surfaces. In one example of this method, a 100 nm layer of

chromium/gold was deposited onto an embossed PMMA

substrate, which was mated to a cover plate also coated with

a 100 nm metal film (Lei et al. 2004). The metal layers were

mated together and the stack was placed in a microwave

chamber operating near 2.4 GHz. While PMMA is trans-

parent at this frequency range, the metal films efficiently

absorbed the incident RF energy, leading to melting of the

gold layer and localized bonding of the polymer. Full seal-

ing was achieved with 10 W power in only 120 s. In related

work, microwave energy was employed to seal both PMMA

and PC microfluidic substrates using a layer of polyaniline, a

conductive polymer, deposited by screen printing onto the

substrates (Yussuf et al. 2007). Bond strengths on the order

of 1–2 MPa were realized using this method.

Infrared (IR) laser welding has also been used to achieve

localized sealing of microfluidic chips (Kim and Xu 2003).

In this approach, an IR-transparent thermoplastic layer is

placed on top of an opaque thermoplastic substrate. Using a

1,100 nm laser focused through the transparent layer to

heat the opaque layer at the interface between the sub-

strates, high resolution local bonding was achieved.

While these bonding techniques provide interesting

options for highly localized welding of thermoplastics, they

have not been widely adopted for general microfluidic

bonding applications. There are several likely reasons for

this. While ultrasonic welding offers further advantages

including compatibility with essentially any thermoplastic,

the ability to weld dissimilar plastics, and the ability to

weld plastics to other materials including metals, a disad-

vantage is the need for special chip designs to effectively

direct and focus energy at the desired weld points. This

requirement complicates the use of ultrasonic welding for

efficient chip prototyping. Microwave RF bonding requires

the additional step of metal deposition, which constrains

the fabrication process and may not be suitable for appli-

cations where the metal can contaminate the system or act

as an electrical shunt. Finally, laser bonding imposes

unwanted constraints on the substrate materials by neces-

sitating materials with different absorption characteristics.

3.4 Surface treatment and modification

Increased surface energy serves to improve the wettability

between mating surfaces, enabling more intimate contact

and ultimately enhancing mechanical interlocking and

interdiffusion of polymer chains between the surfaces.

Higher surface energies can also improve bonding through

the generation of electrostatic interactions, and surfaces

possessing high specific energy in the form of polar func-

tional groups can produce hydrogen or covalent bonds

across the interface are capable of providing bond strengths

exceeding the cohesive strength of the bulk polymer. Sur-

face treatments are widely used in macro-scale polymer

engineering to increase surface energy prior to bonding.

Examples include solvent or acid treatments (Wu 1982),

surface grafting (Uyama et al. 1998; Hu and Brittain 2005),

and both vacuum (Kruse et al. 1995; Collaud et al. 1994)

and atmospheric (Shenton et al. 2001) plasmas. For

microfluidic applications, plasma activation is commonly

used to modify PDMS surfaces with silanol groups (Eddings

et al. 2008), resulting in covalent bond between mating

elastomer layers, and this technique has been widely applied

to thermoplastic microfluidics as well. Energetic ions,

electrons, and UV photons in plasmas can possess sufficient

energy to break chemical bonds on the target surface, pro-

ducing highly reactive free radicals which assist in forming

the desired charged surface groups and increasing the

overall energy density of the surface. Plasma modification

has been reported as a method for reducing processing

temperatures and improving bond strength for microfluidic

chips fabricated from a range of thermoplastics including

PMMA (Abgrall et al. 2007; Brown et al. 2006; Lee et al.

2005; Johansson et al. 2002; Kettner et al. 2006; Pepin et al.

2002), COC (Ahn et al. 2004; Johansson et al. 2002; Punt-

ambekar et al. 2002; Nikolova et al. 2004; Bhattacharyya

and Klapperich 2007), PC (Wang et al. 2008; Klintberg

et al. 2003), PS (Bhattacharyya and Klapperich 2007), and

PET (Wu et al. 2002) using both oxygen and ambient air

plasmas. Notably, Bhattacharyya and Klapperich reported a

two to threefold improvement in bond strength for COC and

PS surfaces exposed to a 10 W air plasma source followed

Fig. 8 Cross-section of a PMMA microchannel ca. 500 lm square

sealed by ultrasonic bonding, with deformed energy concentration

structures evident on either side of the channel opening (Trucken-

muller et al. 2006a). Copyright Elsevier, published with permission
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by thermal bonding at the same temperatures as untreated

surfaces (Bhattacharyya and Klapperich 2007).

A simpler alternative to plasmas for the enhancement of

thermoplastic surface energy is the application of ultravi-

olet light. Exposure of thermoplastic surfaces to UV energy

is well known to result in photodegradation, with the pri-

mary mechanism due to photo-oxidation and scission of

polymer chains on the surface (Emanuel and Buchachenko

1987). In general, exposure to light in the range of 300–

400 nm is generally sufficient to break chemical bonds

within most thermoplastics (Allen and Edge 1992). Toge-

ther with the formation of lower molecular weight radicals

resulting from chain scission, a coupled consequence of

UV radiation is a reduction in glass transition temperature

at the exposed polymer surface. Because the thickness of

the affected polymer layer is determined by the optical

absorption length, the thermomechanical properties of the

bulk polymer remain essentially unchanged by UV expo-

sure. Truckenmuller et al. demonstrated that the Tg for

PMMA surfaces can be reduced by approximately 60 K

using this method (Truckenmuller et al. 2004), enabling

UV-exposed microfluidic chips to be bonded at tempera-

tures well below the bulk Tg, without significant channel

deformation or reduced bond strength. This same approach

has been successfully applied to low temperature bonding

of variety of PMMA (Witek et al. 2004; Truckenmuller

et al. 2004), PC (Park et al. 2008), and celluloseacetate

(Truckenmuller et al. 2004) microfluidic devices.

More recently, a surface treatment combining UV light

and exposure to photogenerated oxygen radicals has been

shown to provide exceptionally high bond strengths for

thermoplastic microfluidics using low process temperatures

(Liu et al. 2008; Tsao et al. 2007; Bhattacharyya and

Klapperich 2007). This method is derived from a UV/

ozone exposure technique originally developed for the

removal of organic contaminants from semiconductors as

an alternative to oxygen plasma ashing (Bolon and Kunz

1972; Sowell et al. 1974; Vig and LeBus 1976; Vig 1985).

Using a low-pressure mercury lamp to expose a substrate in

an air-filled chamber at atmospheric pressure, light output

at a wavelength of 184.9 nm is absorbed by oxygen in the

air, resulting in the generation of ozone. Light at 253.7 nm

is absorbed by the ozone, leading to breakup of the ozone

and production of atomic oxygen. Hydrocarbons at the

substrate surface are rapidly oxidized due to the presence

of elemental oxygen, together with the fact that most

hydrocarbons also absorb the 253.7 nm radiation from the

UV source. The UV/ozone exposure can also break poly-

mer chains and insert oxygen-containing functional groups

(Peeling and Clark 1983), substantially increasing surface

energy. Bond strength measurements performed on PMMA

and COC chips have revealed substantial improvements in

bond strength compared to untreated surfaces. Even when

bonding at room temperature, UV/ozone treated surfaces

provide bond strengths approaching those of the native

surfaces bonded near their glass transition temperatures

(Fig. 9). When bonding at 90�C, the UV/ozone treated

PMMA and COC chips exhibited bond strengths 10–100

times higher than their native counterparts.

In general, surface treatments performed by plasma, UV,

or UV/ozone exposure can significantly improve bond

strengths for thermoplastic microfluidics. For prototyping,

the high throughput and minimal equipment requirements

for UV or UV/ozone exposure make this a particularly

Fig. 9 a Bond strength of PMMA and COC substrates following

24 min UV treatment, compared with native polymer surfaces, and b
SEM images of 500 lm wide, 180 lm deep PMMA microchannels

bonded at 60�C following UV/ozone treatment (top), or at 100�C with

no treatment (bottom). While substantial collapse of the channel is

evident for the untreated chip, the treated channel exhibits no

measurable deformation while providing higher bond strength than

the untreated chip (Tsao et al. 2007). Reproduced by permission of

The Royal Society of Chemistry
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practical approach to surface activation prior to thermal

bonding. Commercial UV/ozone instruments are signifi-

cantly less expensive than typical plasma systems. It should

be noted that ozone is a carcinogen, and proper ventilation

of exhaust gas during chip exposure should be addressed

before using these tools.

The effects of surface modifications on microchannel

wall chemistry are another important consideration. For

example, enhanced hydrophilicity can enable simple

channel priming via surface tension-driven wetting, while

charged surface groups resulting from plasma, UV, or UV/

ozone exposure can produce undesirable electrostatic

interactions with analyte molecules and excessive or poorly

controlled electroosmotic flow. In one recent study, UV/

ozone treatment was found to nearly double the zeta

potential for the channel sidewalls in PMMA and COC

microfluidic chips. However, aggressive flushing of the

channels with DI water can alleviate this problem, and in

fact the charged surface may be used for further modifi-

cations such as attachment of polyvinyl alcohol (PVA)

which can reduce the zeta potential well below that of the

native polymers (Tsao et al. 2007).

4 Conclusion and outlook

Thermoplastics offer a very promising alternative to silicon,

quartz, glass, and elastomer materials for microfluidic

applications, with benefits including a wide range of material

properties, low material costs, and compatibility with man-

ufacturing methods which are scalable from laboratory

prototyping to full scale mass production. Just as replication-

based methods borrowed from macro-scale thermoplastic

manufacturing have been modified for the fabrication of

microchannels, established thermoplastic bonding methods

have also been adapted to the particular challenges of

sealing these miniaturized fluidic components.

Thermal fusion bonding, and solvent bonding remain the

most prevalent bonding methods applied to thermoplastic

microfluidics, while the importance of adhesive bonding

has been greatly reduced by ongoing improvements in the

former bonding techniques. Welding using ultrasonic or

laser energy to thermally fuse defined chip regions remains

a niche fabrication method that offers particular utility for

applications which can benefit from localized bonding.

Surface modifications are playing an increasingly impor-

tant role in thermoplastic microfluidic bonding, enabling

high bond strengths with low process temperatures, while

also providing benefits for downstream surface modifica-

tions. Although surface modifications have been discussed

here in terms of their application to thermal fusion bond-

ing, these treatments can also be used for increasing

surface energy prior to other bonding methods in order to

improve wettability and generate charged moieties for

enhanced bond strength.

A chart summarizing thermoplastic bonding techniques

for microfluidic device is listed in Table 3. This chart

provides qualitative comparison between each bonding

technique. In general, each bonding technique offers par-

ticular advantages and disadvantage that must be

considered in the context of specific microfluidic applica-

tions. An obvious example is that recent advances in

solvent-based thermoplastic microfluidic bonding methods

have been driven in large part by the need for compatibility

with high pressure liquid chromatography. Beyond con-

siderations of bond strength, evaluation of the effects of

different bonding methods of the thermoplastic surfaces is

needed to understand whether desirable surface properties

can be retained or enhanced, and whether undesirable

properties can be reduced using a given bonding process.

It is clear that the thermoplastic bonding technique need

further advanced to superior compatibility to meet various

microfluidic applications with high bond strength, high

dimensional and environmental stability without reducing

its native material performance after bonding. In addition,

with more and more thermoplastic microfluidics to be

commercialized, low infrastructure cost, reliable and high

yield thermoplastic bonding technique to be developed in

near future is foreseeable. In addition, as widespread

commercial adoption of thermoplastic microfluidic systems

move closer to reality, the need for bonding methods which

are compatible with high throughput manufacturing will

increase. A harbinger of this trend can be seen in the

emergence of tape-based imprinting techniques as an ultra-

low cost solution for mass fabrication of thermoplastic

microfluidic chips, although current methods for bonding

these devices are limited to lamination or low strength

thermal sealing. This limitation unnecessarily constrains

the types of applications which this fabrication approach

can address. Compatible high throughput methods for

surface treatments and substrate bonding are needed to

meet this demand. For examples, corona discharge treat-

ments offer a simple and high throughput alternative to

plasma or UV/ozone exposure for increasing thermoplastic

surface energy prior to thermal bonding, while also being

amenable to integration with in-line heated roller bonding

as an alternative to the use of planar presses for thermal

fusion bonding. Solvent bonding may also prove suitable

for high throughput microfluidic chip processing through

the use of vapor deposition or carefully tailored solvent

mixtures with well-defined solvent uptake into the bulk

polymer. Regardless of the bonding method, manufacturing

scale-up always imposes its own unique set of challenges

during process development. As these issues are addressed,

further improvements in the robustness and performance of

thermoplastic sealing techniques will result.

Microfluid Nanofluid (2009) 6:1–16 11
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