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Abstract Freely suspended microchannels with diameters

ranging from 4 to 100 lm were fabricated by utilizing directly

written PMMA fibers as sacrificial structures. These precisely

oriented fibers served as scaffolds around which thin cylinders

of glass were deposited (via sputtering), followed by a con-

formal coating of Parylene to augment the mechanical

integrity of the structures. After coating, the PMMA fibers

were dissolved to yield suspended, hollow conduits that were

hydrophilic and robust. The freely suspended channels were

loaded with a buffer solution containing charged particles,

which were subsequently electrokinetically manipulated and

velocities quantified using microparticle image velocimetry

(lPIV). Mobilities within 1.3 % of those observed in con-

ventional, planar microchannels were recorded.

Keywords Microchannels � Suspended �
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1 Introduction

Conventionally, microfluidic channels have been fabricated

by selectively etching open troughs in substrate materials,

including glass, silicon, and metal, and then bonding these

substrates together to form hermetically sealed conduits (Hsu

2002). Alternatively, photolithography has been used to

produce a negative ‘‘master copy’’ as a template for rapidly

molding several identical microfluidic devices by utilizing

processes such as polydimethylsiloxane (PDMS) casting and

hot embossing of polymers (Anderson et al. 2000; Chiu et al.

2000, 2001; Jo et al. 2000). Unfortunately, because these

techniques are all based upon traditional planar photoli-

thography, the potential channel arrangement is quite limited

as channels cannot be oriented in multilevel configurations.

More recently, techniques have emerged that enable the

fabrication of three-dimensional microfluidic networks.

Among the most popular of these methods is a process

by which several planar polymer monoliths containing

microchannels are fabricated by casting liquid polymer onto

microfabricated master copies (Anderson et al. 2000; Jo

et al. 2000). These individual layers are then precisely

aligned with one another and stacked to form a multilay-

ered, polymer-based microfluidic network. Jo et al. (2000)

have employed this technique to fabricate a five-layer

microfluidic device from thermally cured PDMS using a

series of templates photolithographically fabricated from

the photoresist, SU-8. Anderson et al. (2000) used ‘‘two-

level photolithography’’ to construct masters with features

at two distinct heights, thereby reducing the number of

distinct layers required to fabricate a three-dimensional
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microfluidic device. In this manner, a ‘‘basketweave’’ pat-

tern, in which microchannels alternatively pass over and

under one another without intersection, was produced from

two layers of thermally cured PDMS. Similarly, Blanco

et al. (2004) fabricated a two-level microfluidic device by

photolithographically patterning channels into two thick

films of SU-8 epoxy on silicon wafers and thermally

bonding the two halves together.

Although most three-dimensional device fabrication

strategies involve the accumulation of several two-dimen-

sional layers, recent advances have enabled 3D microchan-

nel formation via other processes. Hwang et al. (2004) have

discovered that focused laser pulses can be used to selec-

tively ablate material in a bulk glass substrate. This tech-

nique was employed to create channels with diameters

measuring tens of microns, but with aspect ratios of only

40:1 or less. Previous work by our group utilized polymer

fibers as sacrificial structures; fibers were coated with a metal

or polymer layer, and then dissolved to produce a hollow

channel (Harfenist et al. 2004). Similar processes have been

reported by Verbridge et al. (2005), Kameoka et al. (2003),

Czaplewski et al. (2004), and Bellan et al. (2009) in which

electrospun materials were over-coated and then removed to

yield hollow micro- and/or nanochannels. However, precise

channel placement is not possible with these techniques due

to the associated random fiber orientation.

The purpose of this investigation is to develop and

validate a new process for producing precisely oriented

networks of suspended microchannels. This capability will

facilitate future production of complex microfluidic devi-

ces with multileveled, three-dimensional architectures. As

the channels will be small in diameter and freely sus-

pended, rather than embedded in a thick monolith, exces-

sive stresses will be encountered by the microchannel walls

when transporting liquid by traditional pressure-driven

flow. Therefore, the interior wall of the microchannels will

possess a surface charge in order to establish the electric

double layer essential for electroosmotic flow while also

enabling facile channel filling via capillary action. The

fabrication of such channels will employ a direct-write

process developed by our group (Berry et al. 2006, 2011a,

b) and others (Nain et al. 2006) to generate suspended

fibers that will act as sacrificial components in the pro-

duction of microchannels. In the direct-write process, a

viscous solution of poly(methyl methacrylate) (PMMA) is

loaded into a micromanipulator-controlled syringe and

drawn into suspended filaments. During direct-write

drawing, capillary forces cause the polymer solution fila-

ment to thin as the solvent evaporates, ultimately resulting

in a suspended fiber with a diameter in the order of a few

microns (Berry et al. 2011a) (Fig. 1). Furthermore, past

experimentation has demonstrated that fiber diameter is

controllable through modulation of the solution properties

(viscosity, surface tension, evaporation rate of solvent) or

the system geometry (fiber length, drawing rate) (Berry

et al. 2006, 2011a; Nain et al. 2006).

2 Methodology

2.1 Fabrication overview

Pairs of square electrodes measuring 6 mm on a side were

first fabricated on a 2-mm-thick soda lime glass plate using

a photolithographic liftoff process. In this process, positive

photoresist (Shipley 1813) was spun onto the plate and

selectively patterned using UV light supplied by a maskless

lithography system (Intelligent Micro Patterning). The

various electrode metals were then deposited on top of the

patterned resist via sputtering (Technics 4604) and pat-

terned through liftoff of the resist in acetone. In order to

demonstrate the suspended nature of the microchannel

fabrication process, a trench measuring 500-lm wide and

500-lm deep was machined between each electrode pair via

a dicing saw (Disco DAD 321, Tokyo, Japan).

Sacrificial polymer fibers were fabricated using the

previously described direct-write method (Fig. 1) using a

25 % (by wt. %) solution of PMMA (MW = 996 kDa,

Sigma-Aldrich, St. Louis, MO) dissolved in chlorobenzene.

In brief, the polymer solution was loaded into a 1-mL

syringe controlled by a micromanipulator. The syringe was

pressurized to 25.3 psi to expel solution through a 22-gauge

needle at a rate of approximately 20 lL/min. The micro-

manipulator was programmed to position the needle tip

500 lm above the surface of one electrode at a distance of

750 lm from the trench edge, such that the expelled pen-

dant droplet of solution contacted the electrode. The syr-

inge and needle were then moved 2 mm across the trench

at a velocity of 20 mm/s to draw a filament of polymer

solution spanning the trench as shown in Fig. 1.

The microchannels were created by sputter coating (RF

sputtering, Technics 4604) the direct-write fibers with a

Fig. 1 Schematic of the direct-write process. 1 Pendant droplet is

expelled into contact with the substrate. 2 Syringe translated to draw

filament of solution, which thins via surface tension. 3 Establishment

of a secondary contact point to complete fiber fabrication (modified

from Berry et al. 2011a)
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thin film (t = 10–85 nm) of borosilicate glass (BSG) to

establish a hydrophilic inner channel wall. Due to the

fragility of the BSG layer, a reinforcing outer wall

(t = 10 lm) of Parylene was deposited using a room

temperature, vapor-phase deposition technique (SCS Par-

ylene Deposition System 2010, Indianapolis, IN). Addi-

tionally, an organo-silane compound (Silane A-174) was

affixed to the BSG immediately prior to the vapor-phase

deposition in order to promote adhesion between the BSG

and Parylene. Following Parylene deposition, 1-mm-

diameter access holes were drilled through the BSG and

Parylene layers using an ultrahigh-precision micromilling

machine (MMM) to provide access to the PMMA. These

holes, which were positioned at each end of the coated

fibers, enabled dissolution of the PMMA in acetone fol-

lowed by critical point drying in liquid CO2 of the

remaining hollow structure (Fig. 2).

2.2 Characterization and optimization

Due to poor adhesion between the PMMA and gold elec-

trodes during preliminary studies, a variety of other elec-

trode materials were examined including copper, titanium,

chromium, and platinum. These alternatives were evalu-

ated not only on their adhesion with PMMA, but also their

electrical conductivity and their ability to resist oxidation

in an electrochemical setting. To test adhesion, several

polymer fibers were drawn on each material using the

direct-write method, inverted, and subjected to heat at

90 �C for 2 h to simulate the thermal and gravitational

environment encountered during BSG sputtering. After

heating, the percentage of PMMA fibers that were detached

at either end were recorded and compared. Electrical

conductivity was specified by Lide (1992), while electro-

chemical inertness was quantified by the oxidation poten-

tials of the electrode materials, also specified by Lide

(1992).

Polymer fibers created with the direct-write technique

were coated with a thin layer of BSG that, upon removal of

the polymer, became the hydrophilic inner layer of the

microchannel wall. This layer was deposited by RF sput-

tering since uniform coverage around the circumference of

the polymer fiber was required. However, due to the lack of

literature regarding sputter coating of BSG on suspended,

polymer microstructures, a characterization of this process

was performed. One failure mechanism in this process

originated from a mismatch in the coefficients of thermal

expansion between the PMMA fibers (a = 70 9 10-6

K-1) and BSG (a = 3.3 9 10-6 K-1), which promoted

buckling, cracking, and ultimately failure of the fragile

BSG film essential to facilitate electro-osmotic (EO) flow

(Fig. 3). To investigate this mechanism, BSG was sput-

tered on PMMA fibers at powers of 150 W and 300 W for

durations ranging from 40 min to 240 min. The effect of

layered deposition, with 20–40 min of cooling periods

between layers, was also explored. The thicknesses of BSG

films were measured with a profilometer (Dektak) and the

overall quality of the films was evaluated through imaging

with variable pressure scanning electron microscopy

(VPSEM; Supra 35VP, Zeiss, Thornwood, NY).

Following deposition of the Parylene layer, profilometry

was again utilized to determine the layer thickness. Addi-

tionally, selected channels were frozen in liquid nitrogen

and cleaved with a razor blade in multiple locations along

the channel length to expose the cross section of the

microchannels. This area was imaged with the VPSEM to

confirm the complete dissolution of the PMMA core while

also verifying the smoothness and continuity of the BSG

inner channel wall.

2.3 Microchannel operation

Multiple microchannels were filled with phosphate buffer

solution (PBS, 10 mM, pH 6.1) loaded with 10lm-diam-

eter fluorescent particles (Invitrogen F-8801, Duke Scien-

tific R0100, or Sigma-Aldrich 90518) at a concentration of

0.1 % by volume. A range of electric fields (-80 to

?80 V/cm) was applied between the electrodes to induce

electroosmotic (EO) flow of the PBS solution and elec-

trokinetic (EK) transport of the tracer particles. This

motion was quantified using a microparticle image veloc-

imetry (lPIV) system (TSI Inc., Shoreview, MN), inter-

faced with a fluorescent microscope (Zeiss Imager.D1)

capable of directly imaging the microchannels. The parti-

cles were excited by dual Nd:YAG lasers (Quantel,

Bozeman, MT) at 532 nm (120 mJ/pulse), controlled in

Fig. 2 Fabrication of channels from PMMA fibers. a PMMA fiber between two PMMA reservoirs on glass substrate with electrodes.

b Deposition of BSG and parylene. c Drilling of 1-mm-diameter access holes to expose PMMA. d Removal of PMMA via dissolution
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conjunction with a camera (TSI PowerView Plus) by a

synchronizer (TSI 610035). This system was programmed

to collect two fluorescent images (one from each laser

pulse) in rapid succession (10–40 ms) such that the fluo-

rescent particles had an average displacement of 10–20

pixels between images, thereby enabling the PIV software

(TSI Insight 3G) to accurately track particle motion. Once

raw image pairs (SI Figure 1a) were collected, they were

processed, analyzed, and post-processed to determine the

electrokinetic motion of the particles. First, all images of a

particular sample were examined to determine the mini-

mum signal at each pixel position common to all images.

This ‘‘minimum signal image’’, representing the back-

ground light present for a specific sample, was subtracted

from each pair to reduce background noise and enhance

the signal-to-noise ratio of the particle fluorescence (SI

Figure 1b). Next, a correlation algorithm was applied to

each pair of images to calculate the particle motion (SI

Figure 1c). Specifically, the images were partitioned into

128 9 128 pixel domains and processed using a recursive

correlation algorithm that searched for similar partitions in

both images within a user-defined radius, which was

defined as 32 pixels based on the expected displacement of

10–20 pixels. Then, due to the recursive nature of this

particular algorithm, the partitions were refined to 64 9 64

pixels and the correlation repeated to improve the resolu-

tion of the output. Using a 409 objective lens, this partition

size resulted in a resolution of *2 lm. Standard deviation

validation was applied to remove all velocity vectors which

differed by more than three standard deviations from their

nearest neighbors, thereby reducing false correlations. In

addition, smoothing validation was applied to fill in miss-

ing points of data by calculating a weighted average of all

of the nearest neighboring locations (SI Figure 1d).

The total EK particle mobility measured by the PIV

system is a superposition of the EO velocity of the fluid and

the electrophoretic (EP) transport of the charged particles

within the fluid, as indicated by:

lEK ¼ lEO þ lEP ð1Þ

where lEK, lEO, and lEP are the EK, EO, and EP

mobilities, respectively. Mobility is defined as:

l ¼ VE ð2Þ

where V is velocity and E is the applied electric field

strength. To decouple EO and EP, one of them must be

isolated and measured independently without any significant

alteration of its magnitude. A technique described by Hsieh

et al. (2006) was employed in which the tracer particles in the

buffer solution were loaded into an untreated (i.e., not

plasma etched) PDMS channel formed by conventional soft

lithography techniques. Because PDMS lacks a surface

charge, EO mobility will be minimal (l�62\ 1 9 10-8 m2/

Vs) (Ren et al. 2001) relative to the magnitude of the total EK

Fig. 3 BSG sputtered on PMMA at a, b 300 W for 40 min, c 150 W for 40 min, and d 3 layers at 150 W for 40 min each and 40 min cooling

time between each layer
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mobility seen in preliminary trials (l�) & 6 9 10-8 m2/

Vs). This ability to isolate and quantify EP mobility enables

the estimation of lEO within the BSG channels by sub-

tracting the value of lEP (approximated by the apparent flow

rate of the particles in the PDMS channels) from the value of

lEK measured with the PIV using Eq. 1.

Measurements of lEO were validated through compari-

sons with the electroosmotic mobilities obtained by mea-

suring fluid motion via PIV in similar-sized, glass

microchannels. These microchannels were fabricated by

milling microscale trenches (channel depths = 10–25 lm,

channel widths = 35–100 lm, channel lengths = 2 mm)

in a borosilicate glass wafer using the MMM equipped with

a 25-lm-diameter end mill (Performance Micro Tool,

Janesville, WI). The MMM was also employed to drill the

1-mm-diameter access holes at the ends of each channel.

The trenches were sealed by attaching an untreated sheet of

PDMS (Sylgard 184, Dow Corning, Midland, MI) over the

trenches, thereby enclosing them. Sealed microchannels

were then loaded with the fluorescent particle-doped buffer

solution and PIV was used to quantify the EK motion of the

particles.

3 Results and discussion

3.1 Fabrication

Preliminary attempts to fabricate microchannels connected

to gold electrodes resulted in a very low yield (\10 %) of

unbroken, hydrophilic channels. The most common cause

of failure (47 % of the failed devices) was the delamination

of the PMMA from the electrodes prior to or during the

sputtering of the BSG layer. Quantification of electrode/

PMMA fiber adhesion at 90 �C indicated that, of the five

electrode materials tested, gold possessed the poorest

adhesion characteristics (Table 1). This result agrees with

past research by Khan Malek and Das (1998) stating that

PMMA exhibits minimal adhesion to gold relative to other

common metals such as copper and titanium. Furthermore,

copper is unsuitable as an electrode material based on its

susceptibility to oxidation in an electrochemical setting.

Based on this data, platinum was chosen as the electrode

material and was deposited via sputtering (DC sputtered at

120 W for 2 min) while utilizing a Ti adhesion layer (RF

sputtered at 300 W for 1 min).

VPSEM imaging illustrated that attempts to deposit thin

BSG layers at a high (300 W) sputtering power produced

films that were undulating and cracked (Fig. 3a, b). Visual

inspection of the samples revealed that the fibers them-

selves were noticeably deformed, suggesting that heat

generated during the sputtering process may have elevated

the temperature of the PMMA near or beyond its glass

transition temperature (Tg = 105 �C). Smoother BSG films

were observed when the sputtering power was reduced to

150 W (Fig. 3c), but the decreased film thicknesses

(t = 8 nm) yielded devices that were detrimentally fragile.

Robust, smooth BSG layers were successfully deposited

via multilayered sputtering, in which BSG was deposited in

thin (*10 nm) layers at low power while implementing a

40-min cooling period between each layer (Fig. 3d). Using

this technique, smooth layers as thick as 80 nm were rep-

eatably deposited on PMMA fibers. The necessity of the

cooling phase between layers was confirmed when the

Table 1 Adhesion of PMMA

fibers on electrode materials

[conductivity and activity data

from Lide (1992)]

Electrode

material

Percentage detachment

of PMMA from electrode (%)

Electrical

conductivity

(S/m)

Relative location in activity

series (1 is most easily oxidized)

Gold 50 45.2 9 106 1

Chromium 24 8.0 9 106 3

Copper 30 59.6 9 106 4

Titanium 0 2.4 9 106 5

Platinum 0 9.52 9 106 2

Table 2 Outcomes of BSG

sputtering processes
Sputtering

power (W)

Sputtering time

per layer (min)

Number

of layers

Cooling time between

layers (min)

BSG

thickness

(nm)

Film topology

300 40 1 NA 24 Cracked and buckled

150 40 1 NA 8 Smooth, but fragile

150 40 3 40 25 Smooth

150 40 6 20 85 Cracked and buckled

150 40 6 40 80 Smooth, very robust
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cooling time was reduced to 20 min, where the cracked

topology reemerged. Table 2 summarizes the outcomes of

the various BSG sputtering processes.

Smooth layers of Parylene were deposited at a thickness

of 10 ± 2 lm onto PMMA fibers coated with BSG as

measured by profilometry. Access holes were drilled

through the BSG and Parylene layers to expose the PMMA,

which was entirely removed after 1 week in an acetone bath

as confirmed by VPSEM images of cleaved microchannels

(Fig. 4). Because the rate of dissolution of the PMMA was

limited by the rate of diffusion of the solvent along the axis

of the polymer fiber, a 7-day soak was implemented to

ensure complete PMMA removal. In this manner, suspended

microchannels with diameters ranging from 4 to 100 lm

were fabricated between electrodes on either side of a

500-lm-wide trench (Fig. 5). Additionally, the process

yield, defined as the percentage of fabrication attempts that

Fig. 4 Microchannels fabricated using direct-write fibers as sacrifi-

cial structures. a Cleaved 35-lm-diameter microchannel with inset

highlighting BSG inner wall that partially delaminated from Parylene

outer wall during cleaving, b cleaved 50-lm-diameter microchannel

suspended over the edge of the trench, c cleaved 25-lm-diameter

microchannel bent perpendicular to the electrode surface such that the

base of the microchannel is visible, d cleaved 25-lm-diameter

microchannel, e cleaved 7-lm-diameter microchannel with inset
showing channel interior, and f cleaved 35-lm-diameter microchannel

Fig. 5 Representative test chip employed to quantify EK mobility.

The bright regions of material surrounding the access holes are

desiccated droplets of fluorescent tracer particle solution
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result in suspended, unbroken microchannels, was improved

from preliminary levels of less than 10 % to over 80 %.

3.2 Operation

Microchannels were loaded with fluorescent particle-doped

buffer (PBS, 10 mM, pH 6.1) by capillary action and EK

transport was induced by applying a variety of electric fields

(-80 to ?80 V/cm) between the ends of the channel. The

nature of the subsequent particle motion was observed to be

strongly dependent on the type of particle loaded into the

channel. Uncharged melamine particles (Sigma-Aldrich

90518) were found to strongly aggregate on the micro-

channel walls while moving toward the negative electrode,

whereas slightly anionic polystyrene particles (Duke

Scientific R0100) weakly adhered to the channel walls

while moving toward the positive electrode. Only the

strongly anionic, carboxylate-modified polystyrene parti-

cles (Invitrogen F8801) remained in suspension and did

not immobilize on the channel wall while moving toward

the positive electrode. This indicates that some degree of

electrostatic repulsion between the negatively charged BSG

channel wall and the tracer particles is required to obtain a

flow profile that is unperturbed by particles binding to the

sidewalls. Adsorption of positively charged (or uncharged)

analytes to glass surfaces is a common problem encountered

when performing EK experiments in glass capillaries.

Often, this problem is overcome by functionalizing the

interior of the microchannels (e.g., the attachment of a PEG

monolayer to the channel interior via silane chemistry will

Fig. 6 a Comparison of particle

velocity in optimized and non-

optimized channels as a

function of applied electric

field. b (Left) erratic velocity

profile in non-optimized

microchannels and (right) SEM

image of damaged interior of

non-optimized channel after

exposure to flow for 10 min.

c (Left) smooth velocity profile

observed in optimized channels

and (right) SEM image of

interior of optimized

microchannel after exposure to

flow for 10 min
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significantly reduce adsorption) (Doherty et al. 2003).

However, the focus of this study is the optimization of a

new microchannel fabrication method, including the quality

of a glass microchannel interior. Therefore, negatively

charged, carboxylate-modified particles were exclusively

utilized to quantify electrokinetic transport within the

microchannels. The EP mobility of these particles was

observed to be ?5.59 9 10-8 m2/Vs (toward the positive

electrode) as determined by measurement of particle motion

within untreated PDMS microchannels.

The velocities of the carboxylate-modified tracer parti-

cles were measured under a variety of electric fields ranging

from -40 to ?40 V/cm for multiple suspended micro-

channels fabricated under both ideal and non-ideal pro-

cessing conditions. Increasing the magnitude of the electric

field beyond 40 V/cm promoted the formation of channel-

blocking bubbles via electrolysis of the buffer solution. EK

mobility was determined by plotting the particle velocity as

a function of electric field, then fitting a linear relationship

to the data and extracting the slope of the line. Significant

differences were observed between the microchannels with

optimized BSG layers and those containing cracked or

buckled BSG layers. Particle velocities in non-optimized

microchannels did not linearly increase with increasing

electric field as illustrated by the poor fit (R2 = 0.006) of

the linear regression in Fig. 6a. PIV data depicting a

snapshot of flow within a non-optimal channel portrays

a flow field that varies significantly from the uniform,

‘‘plug-type’’ flow generally encountered in electrokinetic

transport. A potential source of these abundant localized

perturbations is illustrated in Fig. 6b, which shows the cross

section of a non-optimized microchannel after being

exposed to electrokinetic flow for approximately 10 min.

This image indicates that the cracked BSG layer has par-

tially delaminated from the underlying Parylene, resulting

in the multicausal impedance to electrokinetic transport,

described as follows: (1) The delaminated BSG enters the

flow stream, physically blocking or perturbing particle

motion. (2) Gaps in the negative surface charge associated

with the BSG layer prevent the formation of a continuous

electric double layer (EDL), which is essential to EO flow.

(3) Initial breaks in the BSG layer make the microchannels

susceptible to breakdown at lower operating voltages, as

described by Wolf and Tauber (1986).

The data given in Fig. 6b are in sharp contrast to the

performance of microchannels fabricated with optimized,

smooth BSG layers. Particle velocity increased relatively

linearly (R2 = 0.901) with increasing electric field, a

characteristic trend of electrokinetic transport (Fig. 6a).

Furthermore, the magnitude of velocity increased approxi-

mately threefold, suggesting that some of the factors

impeding particle motion had been mitigated. Examination

of a representative flow field snapshot (Fig. 6c) illustrates

that the particle velocity field resembles the expected ‘‘plug-

type’’ flow, with a distinct reduction in velocity variance for

the BSG-optimized microchannels. Finally, VPSEM imag-

ing of the microchannel cross section (Fig. 6c) confirms the

lack of cracks, buckles, and trapped particles in the opti-

mized microchannels.

The average EK mobility was determined by calculating

the slopes of the regression lines for the particle velocity

versus electric field data in four different microchannels.

EO mobility was calculated with Eq. 2 and it was observed

that EO flow was directed toward the negative electrode, as

is typical for EO flow in glass microchannels. In all cases,

the bulk EK motion progressed toward the positive elec-

trode, indicating that the EP motion of the particles pos-

sessed a larger magnitude than the EO flow of the buffer

fluid (Fig. 7). The average EO mobility was found to be

2.92 9 10-8 m2/Vs for a buffer of 10 mM, pH 6.1 and

4.18 9 10-8 m2/Vs for a buffer of 10 mM, pH 7.0. These

values compare relatively well with published values for

similar PBS buffers [4.21 9 10-8 m2/Vs with 10 mM

buffer, pH 7.0 (Hsieh et al. 2006) and 3.87 9 10-8 m2/Vs

with 20 mM buffer, pH 6.3 (Carroll et al. 2008)] in con-

ventionally fabricated glass microchannels. Furthermore,

EO mobility in the suspended microchannels appears to

follow the well-characterized relationship linking increas-

ing buffer pH with increasing EO mobility (Beckers

et al. 1991). Also, electrokinetic transport was induced in

microchannels machined in BSG wafers, and it was dis-

covered that the average electroosmotic mobility of the

10 mM, pH 6.1 buffer solution was 2.96 9 10-8 m2/Vs, a

difference of only 1.3 % from the data collected in the

suspended microchannels (SI Figure 2).

The ability to produce precisely oriented, suspended

microchannels may enable the development of more

advanced microfluidic devices by eliminating spatial

restrictions imposed by current 3D microfluidic fabrication

Fig. 7 EK, EP, and EO mobilities of flow in microchannels. Data

represent velocity field data collected from four different microchan-

nels with similar diameters (D = 20–35 lm) for each pH condition
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technology (e.g., confinement to a stack of planar channel

arrangements). It has been demonstrated that the electroki-

netic characteristics of these channels are nearly identical to

those observed in conventional, planar BSG microchannels.

Also, because the channels are freely suspended and can be

fabricated on substrates with 3D features, the proposed

technique may allow the in situ fabrication of inter-con-

necting channels which interface with existing microfluidic

components (e.g., micropumps, valves, sensors).

4 Conclusions

The demonstrated ability to produce suspended microfibers

with high yield and controlled diameter enabled their

implementation as sacrificial structures in the production of

microchannels. This fabrication sequence was optimized

and suspended channels with smooth, hydrophilic walls

were produced. The primary obstacle to this outcome was

the difficulty associated with uniformly depositing a con-

tinuous, non-buckled layer of borosilicate glass around the

PMMA structures. A multilayered sputtering process was

developed and this improvement led to sustainable elec-

troosmotic flow within the microchannels while increasing

the magnitude of electrokinetic transport by a factor of 3.

The functionality of these channels as electrokinetic con-

duits was further validated by demonstrating that the EK

mobility of a common buffer solution in the suspended

microchannels differs by only 1.3 % when compared with

the measured mobility for a conventionally fabricated

microchannel. As a further validation, PIV was used to

measure the EK mobility of charged particles in a buffer

solution in the suspended microchannels.
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SUPPLEMENTAL FIGURES 

 

Supplemental Figure 1 - Processing of PIV data to elucidate velocity profile.  A) Raw image; B) 

Background subtraction; C) Initial velocity field calculation; D) Filtering of erroneous vectors. 



 

 2 

 

Supplemental Figure 2 – A, B) Motion of tracer particles in glass microchannels patterned in 

BSG wafer (C). 
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