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Paper-based microfluidics are an increasingly popular alternative to devices with

conventional open channel geometries. The low cost of fabrication and the absence

of external instrumentation needed to drive paper microchannels make them

especially well suited for medical diagnostics in resource-limited settings. Despite

the advantages of paper microfluidics, many assays performed using conventional

open channel microfluidics are challenging to translate onto paper, such as bead,

emulsion, and cell-based assays. To overcome this challenge, we have developed a

hybrid open-channel/paper channel microfluidic device. In this design, wick-driven

paper channels control the flow rates within conventional microfluidics. We

fabricate these hybrid chips using laser-micromachined polymer sheets and filter

paper. In contrast to previous efforts that utilized external, macroscopic paper-

based pumps, we integrated micro-scale paper and open channels onto a single chip

to control multiple open channels and control complex laminar flow-pattern within

individual channels. We demonstrated that flow patterns within the open channels

can be quantitatively controlled by modulating the geometry of the paper channels,

and that these flow rates agree with Darcy’s law. The utility of these hybrid chips,

for applications such as bead-, cell-, or emulsion-based assays, was demonstrated

by constructing a hybrid chip that hydrodynamically focused micrometer-sized

polystyrene beads stably for >10 min, as well as cells, without external

instrumentation to drive fluid flow. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4840575]

I. INTRODUCTION

Paper based microfluidics have emerged as an easy-to-use, self-contained platform to

perform complex chemical and biological assays.1–5 Paper microchannels use capillary forces

to drive fluid flow and do not require the bulky and expensive hardware used to drive conven-

tional microfluidics. Because these chips can operate without power or external instrumentation,

they have proven particularly useful for clinical diagnostics in resource limited settings.1,6

Despite its many advantages, many of the techniques developed using conventional microflui-

dics, such as bead,7 emulsion,8 and cell-based9–11 assays have not been easily translated onto

paper platforms.12

We herein report the development of a hybrid platform that combines conventional open-

channel and paper-channel microfluidics onto a single monolithic chip (Fig. 1(a)). We fabricate

our hybrid open/paper microfluidic chips using laser-micromachined plastic sheets and filter

paper. On this chip, suspensions of discrete objects (i.e., cells, beads, and droplets) can be

transported within conventional microfluidics that are driven and controlled by multiple paper

channels. In contrast to previous works that utilized external, macroscopic paper-based

pumps,13–16 our work integrates paper and open channels onto a single chip. This integration
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enables the independent control of multiple open channels and control over the laminar flow-

pattern within individual channels, which would require a cumbersome number of macroscopic

connections using conventional methods.13–16 These hybrid chips can implement complex lab-

on-a-chip techniques, which require many independently controlled flow rates, on a single mon-

olithic chip without external instrumentation to drive fluid flow. In contrast to previous works

that have demonstrated the elution of cells on paper substrates,17,18 our hybrid chip enables

cells to be controlled using conventional microfluidic structures such as single-cell capture

sites,19 inertial focusing,20 and chaotic mixers.21

In this paper, we demonstrate that integrated paper microchannels can be used to quantita-

tively control flow in conventional microchannels. The flow rate depended linearly on the

hydrodynamic resistance of the paper, in agreement with Darcy’s Law. Furthermore, we show

that laminar flow patterns within an open channel can be controlled using multiple paper micro-

channels. We demonstrate the utility of this platform by building a hybrid chip, with three pa-

per control lines, to hydrodynamically focus polystyrene beads stably for >10 min, as well as

cells, in an open channel without any external instrumentation. The run-time was ultimately

limited by the clogging of the paper from the polystyrene beads and could be controlled for

specific applications by modifying the interfacial area between the paper and open channel.

II. METHODS

A. Hydrodynamic circuit model

We model the hybrid open channel/paper channel system utilizing a simple circuit model.22

In this model, the flow rate U is defined by the pressure difference across a channel DP and its

hydrodynamic resistance R

/ ¼ DP

R
: (1)

This linear relationship, Darcy’s Law, is applicable because both the open channel and paper

channels are low Reynolds number systems (<< 1).2

FIG. 1. Hybrid open/paper microfluidic chip harness the instrumentation-free advantage of paper-based platforms and

extends it to conventional open-channel microfluidics. (a) Design of a simple hybrid chip. The conventional open channel

is connected in series with a paper microchannel, which connects to a wick. The flow rate in the open channel Uo equals

the flow rate in the paper channel Up. The flow rate can be controlled by modifying the length L of the paper microchannel.

(b) A prototype hybrid chip was built using layers of laser-micromachined mylar, acrylic, and filter paper. (c) Using this

prototype, flow rate Uo was measured as a function of the paper length L. The linear dependence of Uo vs. 1/L agrees with

Darcy’s Law (R2¼ 0.9958).
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We modeled an open channel that flows into a paper microchannel as two hydrodynamic

resistors connected in series (Fig. 1(a)). Due to Kirchoff’s current law, the flow in the open

channel must equal the flow in the paper channel Up ¼ Uo. A pressure difference DP is created

between the fluid inlet, at atmospheric pressure, and at the wick, at a lesser pressure due to cap-

illary action.23 The hydrodynamic flow resistance of the paper, assuming that it is fully wet, is

approximated by the expression2

RP ¼
lLp

jwphp
; (2)

where l is the dynamic viscosity of the fluid, j is the permeability of the paper, and wp and hp

are the width and height of the paper microchannel. For an open channel, the flow resistance is

approximated by the expression22

Ro ¼
12lLo

woh3
o

; (3)

where wo and ho are the width and height of the open microchannel. On our chip, the paper

microchannel had permeability j �10�12 m2,23 width wp ¼ 1 mm, height hp ¼ 150 lm, and

length Lp �4 cm. The open channel had a width wo ¼ 200 lm, height ho ¼ 50 lm, and length

Lo � 2 cm. For such a system, the resistance of the paper was much greater than that of the

open channel, Rp/RL � 100, and therefore changes in the geometry of the paper-microchannel

lead to significant changes in the flow rate in the open channel. Furthermore, because the fluidic

resistance of the paper was linearly proportional to its length Rp / Lp, the flow rate in the open

channel Uo / 1/Lp could be controlled by changing the length of the of the paper channel Lp

(Fig. 1(a)).

B. Fabrication

The hybrid chips were designed using SolidWorks and fabricated using a stack of laser

micromachined polymer and paper sheets (Fig. 1(b)). We utilized biaxially oriented polyethyl-

ene terephthalate (BoPET) sheets, both 50 lm thick double-sided adhesive coated (Fralock) and

150 lm thick non-coated. The paper was Grade 1 filter paper, 11 lm pore size (Whatman,

Piscataway, NJ). The 150 lm thick mylar layer was included to account for the difference in

thickness of the paper (150 lm), and the mylar layer (50 lm) that defines the microchannel

(Fig. 1(b)). The paper microchannels were enclosed in mylar to minimize evaporation.

Kimwipe was used as a wick (Kimberly Clark, Roswell, GA). Shallow (3 mm thick) laser-cut

acrylic pieces were used as reservoirs to supply fluid at the inlets of each channel. The layers

of polymer and paper sheets were cut using a CO2 laser micromachining tool (Universal Laser,

VLS-2.30). The chips were assembled using a custom rig under a stereo microscope (Nikon,

SMZ-1B).

III. RESULTS

A. Flow rate control

The control of flow rate was characterized using a simple hybrid chip design in which an

open microchannel, a paper microchannel, and a wick were connected in series (Fig. 1(a)). The

flow rate in the channel was controlled by moving the wick to different access points along the

paper microchannel to modify its effective length Lp. The paper channel had a width

wp¼ 1 mm, height hp ¼ 150 lm, and length Lp that could vary from 2 to 10 cm. The open chan-

nel had a width wo ¼ 200 lm, height ho ¼ 50 lm, and a length Lp ¼ 2 cm. The absolute volu-

metric flow rate was measured using graduations in the reservoir and a stopwatch. Initial fluid

flow was driven by capillary forces within the channel. To hasten the initial fluid flow, the
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plastic components of the chip were made hydrophilic by soaking them in bovine serum albu-

min (0.1% by weight BSA) for at least 20 min prior to assembly.

The flow-rate in the open channel could be quantitatively controlled by modifying the

length of the paper microchannel Lp (Fig. 1(c)). The flow rate U increased linearly with the

inverse of the fluid path length 1/Lp, in agreement with Darcy’s law (R2 ¼ 0.9958) (Eq. (2)).

The measured flow rates were between 0.6 and 10 ll/min, similar in magnitude to flow rates

used in conventionally driven systems.24 Longer, narrower paper microchannels would enable

lower flow rates. Wider, shorter channels would enable greater flow rates. Additionally, flow

rates could be increased by enlarging the interfacial area between the paper microchannel and

the wick or by using a wick with greater capillary action than Kimwipes.

Efforts were taken to minimize the irregularities in flow rate in paper microchannels that

arise from variations in the length and alignment of fibers.25 We hypothesize that these irregu-

larities would be small for our device because the length-scale of the fibers (pore size: 11 lm)

was small in comparison to the microfluidic structures (channel diameter: wp¼ 1 mm).

Furthermore, the orientation of the fibers in Whatman Grade 1 paper is isotropic in the plane of

the paper, eliminating irregularities that arise from the orientation of the channels relative to

the paper fibers.26 To further reduce irregularities in flow, either larger paper channels or paper

with a smaller pore size could be used.

B. Laminar flow patterning

By integrating multiple paper control lines onto a single chip, the laminar flow pattern

within an open channel could be quantitatively controlled. Control over laminar flow in open

channels allows for applications such as diffusion-based assays,27 the generation of chemical

gradients,28 and hydrodynamic focusing.9,29 On our hybrid chips, we demonstrated this func-

tionality in a conventional open channel without the typically required external instrumentation.

To demonstrate laminar flow control, we fabricated a chip with a microchannel that had a

Y-junction on either end (Fig. 2(a)). The first Y-junction connected to two fluid reservoirs, one

water and the other with fluorescein. The Y-junction on the output connected to two paper

microchannels, each of which is connected to a wick. We varied the relative flow rate of the

two output branches by controlling the lengths of the paper channels L1 and L2 (Fig. 2(a)).

Fluorescence micrographs (Leica, DM4000B) of the laminar flow pattern demonstrated that the

hybrid chip yields the same qualitative result obtained using two syringe pumps (NE 500, New

Era Pumping Systems) to control the flow rates at the output (Fig. 2(c)). Quantitatively, the

relative widths w2/w1 of the fluorescein and water lamina show a linear dependency

(R2¼ 0.8996) on the relative channel lengths L1/L2, in agreement with Darcy’s law (Fig. 2(b)).

C. Flow focusing

Our hybrid design enables the transport of discrete objects, for applications such as single

cell and emulsion based assays. To demonstrate this functionality, we built a flow-focusing chip

and tested it with polymer beads. This type of flow focusing can be used for on-chip analysis

of cells using dielectric,10 magnetic,9,30 and optical detection.11 A flow-focusing geometry was

implemented that connects to two fluid reservoirs, one containing water and the other contain-

ing a suspension of fluorescein-dyed polystyrene beads (d � 1 lm) (Invitrogen, Fluosphere)

(Fig. 3(a)). On the output side, two paper microchannels of lengths Lc and Ls were used to con-

trol the relative flow rate of the core and sheath lamina. Fluorescence imaging (Fig. 3(b)) dem-

onstrated that the paper microchannels could be used to control the relative width of the core

and sheath lamina. By increasing the ratio Ls/Lc, the beads were focused to a narrower core.

We demonstrated that our hybrid chip could be designed to achieve stable flow of discrete

objects for >10 min. Discrete objects in the open channel eventually flow into the paper chan-

nel, causing the paper to clog and the flow rate to slow down accordingly. This problem can be

mediated by choosing the size of the interfacial area between the paper and the open channel,

such that flow is stable over a time period sufficient for a particular application. The time that a

device can operate is a function of the concentration of the discrete objects, flow rate, the
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interfacial surface area, and the pore size of the paper. We designed a flow focusing hybrid

chip with a 4 mm2 interface between the paper and open channel. We measured the ratio of the

width of the sheath to that of the core flow b over time (Fig. 3(c)). A suspension of 1 lm poly-

styrene beads (6� 106 beads/ml) was flow focused at a flow rate of �4 ll/min. It took �10 min

before a significant shift (Db � 5%) in the flow rates of the device could be observed.

To demonstrate that flow focusing can be applied to cells, cells were flow focused using a

hybrid device. Cells were cultured by a collaborator, which were obtained from the pancreas of

a pancreatic tumor bearing mouse (Pdx1Cre;KRAS;p53Mutant) using a collagenase digestion

technique.31 The cells were labeled with a nuclear mCherry that was introduced via a lentiviral

infection. Fluorescence imaging (Fig. 3(d)) demonstrated that the cells could be focused to a

narrower core on a hybrid chip. The sheath fluid was phosphate buffered saline (PBS) solution.

The flow-focusing geometry was identical to that used in Fig. 3(b).

IV. DISCUSSION

We have developed a hybrid chip that integrated multiple integrated paper microchannels

with open channel microfluidics to control flow in open channels on the micrometer length-

scale. This approach can be used to perform conventional microfluidic assays in practical

settings without the need for bulky, expensive external equipment. The platform offers the fol-

lowing features. (1) The system provides quantitative control of the flow rate in open channels

based on the geometry of the paper channels. (2) Multiple paper control lines can be integrated

onto a single chip, enabling complex laminar flow patterns within open channels to be quantita-

tively controlled. (3) Discrete objects, such as beads, cells, or emulsions, can be transported in

the open channels stably over time scales designed for specific applications.

With such capabilities, the hybrid platform can help to translate the microfluidic tools

developed using conventional microfluidics over the last decade from the laboratory into

FIG. 2. Complex laminar flow patterns in a single open channel can be controlled using multiple paper micro channels. (a)

A chip was fabricated with a microchannel that has a Y junction on either end, connecting to a reservoir of fluorescein and

a reservoir of water on the left and paper microchannels on the right. By modifying the length L1 and L2 of the paper micro-

channels to the wick, the width w2 and w1 of the fluorescein-stained and the unstained lamina, respectively, can be modi-

fied. (b) The ratio w2/w1 varies linearly with the ratio of the paper microchannel lengths L1/L2.in agreement with Darcy’s

law (R2¼ 0.8996). (c) This trend is consistent with that observed by directly varying the ratio of the flow rates U2 and U1,

using syringe pumps. The scale bar is 50 lm.
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practical use.24 The laser-cut polymer sheets and paper used in this study can be manufactured

inexpensively (�1 ¢/cm2), enabling disposable use in resource limited settings.32 Because many

paper microchannels can be integrated onto a single device, applications that require complex

control of flow rates in multiple channels can be implemented without the need for cumbersome

pumps. Such capabilities, enables cellular, bead, or emulsion based assays developed in

open-channel systems to be harnessed on these hybrid chips. For instance, flow focusing, which

was demonstrate in this paper, has been used for on-chip analysis of cells using dielectric,10

magnetic,9,30 and optical detection.11 Additionally, techniques such as single cell trapping33

and dielectrophoretic and magnetophoretic sorting,34–36 which have all been designed in

open-channel systems, can be implemented on these hybrid chips. Future work to further

improve the hybrid platform includes utilizing recent advances in paper microfluidics that ena-

ble flow to be controlled dynamically.37
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FIG. 3. Hybrid conventional channel/paper channel chips enable the instrumentation free transport of discrete objects such

as beads, cells, and emulsions. (a) We fabricated a device with a flow-focusing geometry that connects to two fluid reser-

voirs, one containing the sheath fluid and the other containing fluorescein dyed polystyrene beads (d� 1 lm) (Invitrogen)

suspended in water. On the output side, there is a flow focusing geometry that connects to two paper microchannels of

lengths Lc and Ls that each connect to a wick. (b) A series of fluorescence micrographs shows that as the ratio Ls/Lc is

increased, the microbeads increasingly focused laterally towards the center of the channel. The scale bar is 75 lm. (c) The

stability of the microfluidic device was characterized by measuring the ratio of the width of the sheath to that of the core

flow b. Over the course of 10 min, the chips showed Db < 5%. (d) A fluorescence micrograph showing that cells can be

flow focused to a narrow stream using a hybrid conventional channel/paper channel chip. The scale bar is 30 lm.
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