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We use surface tension-based passive pumping and fluidic resistance to create a number of

microfluidic analogs to electronic circuit components. Three classes of components are

demonstrated: (1) OR/AND, NOR/NAND, and XNOR digital microfluidic logic gates; (2)

programmable, autonomous timers; and (3) slow, perfusive flow rheostats. The components can

be implemented with standard pipettes and provide a means of non-electronic and autonomous

preprogrammed control with potential utility in cell studies and high throughput screening

applications.

Introduction

Microfluidic devices have been used to explore a variety of

biological problems of interest, ranging from fundamental

research in protein crystallization1 to diagnostic assays.2 A

number of these applications require the integration of valves,

mixers, and other components into the devices in order to

successfully carry out various steps. The incorporation of

actively controlled functionalities, either directly in the device

or via a fixed interface with external components, often leads

to more complex fabrication and the need for ancillary

equipment. The use of passive and autonomous microfluidic

components, while sometimes requiring more complex fabrica-

tion, can help to reduce or eliminate the need for additional

equipment. Eliminating external components makes point-of-

care devices more portable and facilitates operation of many

devices in parallel, which is of particular interest for large

parametric screening applications. In this paper, we demon-

strate three new classes of microfluidic components based on

passive pumping that are analogous to electronic circuit

components.

Many of the fabrication methods used to create microfluidic

devices were first developed for microelectronics, so it is fitting

that a number of parallels can be drawn between the two fields.

Resistance, driving forces (pressure/voltage), and current

(fluid/electrons) analogies are commonly used to compare

electronic components and fluid networks. The analogy has

been further extended in microfluidics to include diodes,

rectifiers,3 memory elements,4 and capacitors. Two-phase flow

has recently been used to encode and decode data sets using

droplets.5 As with electronics, microfluidic components can be

combined to form more complex devices, and a microfluidic

breadboard has already been demonstrated.6 Microfluidics can

also be used to address problems that are not easily solved

using standard computational methods.7

Regulatory systems can also be implemented in microfluidic

devices. Responsive hydrogels have been used in microfluidic

devices to regulate the pH8 or temperature of a solution.9 The

use of pneumatic control in 3D channel structures has been

shown as a means of self-regulating flow.10 Coupling a

conditional action to more than one input enables the creation

of logic gates, which can be combined to perform computation

and more complex functions.

Logic gates

Fluidic logic elements can be traced back to the 1950s;

however, most of the early constructs depended on turbulent

and multi-stable flow states,11 which are not scalable due to the

low Reynolds numbers that are typically observed in micro-

fluidic channels. More recent efforts using microfluidics

have employed fluidic resistance,12 electrochemistry,13

pneumatics,14 channel geometry,15 multiphase flow,16 and

chemistry17 to create logic elements. Many of these approaches

rely on continuous flow and are unable to create more

integrated constructs due to different input/output (e.g.

pressure/dye). Additionally, the electronic components used

to input and read out signals are often more complex than the

devices themselves. For many applications, it would be

advantageous for fluidic logic elements to use consistent signal

input/output and require minimal supporting equipment.

While liquid-based logic devices are not likely to compete

with solid-state technologies in terms of computational power,

they offer a facile method for implementing autonomous

control in microfluidic systems. We have developed a new class

of fluidic logic gates that use a consistent input/output

(droplet/droplet), visual signal transduction (droplet/no

droplet), and allows several gates to be connected in series.

The method is based on a previously reported passive pumping

technique that uses the pressure differential between surfaces

with different radii of curvature.18 Importantly, the method

can be implemented via ubiquitous pipetting (either manual or

automated).

In passive pumping, the radius of curvature can be thought

of as a voltage in an electronic circuit. Flow within the circuit

will be directed from high potential, or small radius of

curvature, to regions of lower potential, i.e. a larger radius of

curvature. Further, a digital input/output can be defined by
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using the presence of a droplet at a location to represent a

value of 1 and the absence of a droplet to represent 0.

Using this construct, an inverter can be created using a

microfluidic channel with two ports, as shown in Fig. 1. A

droplet is placed on one of the ports, which serves as the

output. If there is an input of 0, i.e. no droplet placed on

the other port, the output is 1. If a larger droplet is placed on

the inlet, the output droplet will be pumped away to give an

output of 0. Similarly, a NOR gate can be constructed by

adding a second input port to the inverter structure. An output

of 1 is registered as long as both inputs are 0. However, if a

droplet is placed on either or both of the input ports, a

0 readout will result. The operation of a NOR gate is shown in

Fig. 1c and d.

OR/AND gates require an output of 1 only if at least one of

the inputs is 1. In the present system, this would require liquid

to be pumped to a port were there is originally no droplet.

While a larger droplet has traditionally been used as a low-

pressure sink in the passive pumping method, it is not a

necessity. For the OR/AND gates, we create an output port

with a radius larger than that of the input droplet. The

curvature of the meniscus in the outlet port is large enough to

drive fluid flow to the outlet from the inlet, provided a

sufficiently small input droplet is used. The resulting fluid flow

then displaces the air/liquid interface from within the port to

above the port to form a droplet. A functional AND gate is

shown in Fig. 1e–g and a movie of the operating gate can be

seen in movie 1 of the ESI.{ The same design can be used as an

OR gate or an AND gate by simply changing the size or

number of droplets that are used to define an input of 1, which

implies that the passive pumping logic devices are to some

extent programmable. That is to say, the size of the input and

priming droplets can be varied to change the type of gate that

is created with a given channel geometry.

A NAND gate can be constructed by arranging two

channels near one another. The main channel contains three

ports for the two inputs and the output. The output port is

primed with a droplet prior to placing any input droplets and a

second channel is placed in close proximity to the output

droplet. If any input droplets are placed, they will increase the

size of the output droplet. If only one input droplet is placed,

the output droplet will grow in size but will not overlap with

the inlets of the second channel. However, if there are droplets

placed on both inputs, the output droplet will grow large

enough to overlap with the inlet of the second channel. The

output droplet will then be pumped away through the

secondary channel, leaving an output of 0. The NAND gate

can be operated as a NOR gate by increasing the size of the

priming output droplet or the input droplet. A sequence of

images showing a functioning NAND gate is shown in Fig. 2,

which can also be seen as a video (movie 2, ESI{).

An XNOR gate can be formed by modifying the secondary

channel of the NAND/NOR design to have a high fluidic

resistance. The output of the XNOR gate is primed with a

droplet, as with the NAND/NOR configuration. A single

input droplet is sufficient to create fluid contact between the

two channels and will lead to the droplet being pumped away,

though at a slower rate than in the case of the NOR gate. The

addition of a second input droplet can then be used to increase

the output droplet volume such that it is larger than the sink,

provided that the output droplet grows much faster than the

sink droplet. Thus, the output droplet remains only if the

inputs are 0/0 or 1/1. Fig. 3 shows the operation of the XNOR

gate. The main channel is 250 mm tall while the secondary

channel is only 40 mm tall, providing significantly higher fluidic

resistance. The gate is set by placing a 1.2 ml droplet on the

output port and a 2.5 ml droplet on the sink. Input droplets

with a volume of 0.9 ml were used to operate the gate. The

input ports to the secondary channel are shorter than on the

Fig. 1 Microfluidic inverter, AND, and NOR gates. The inverter

consists of a single channel with two ports for input A and output B,

shown for an input of (a) 0 and (b) 1. The NOR gate contains three

ports for the inputs A and B and the output, shown for inputs of (c) 0/0

and (d) 1/0. The AND gate contains two smaller ports for inputs A and

B and a larger port for the output, shown for inputs of (e) 0/0, (f) 1/0,

and (g) 1/1. (Scalebar = 1 mm.)

Fig. 2 Microfluidic NAND gate using two separate channels. The

NAND gate consists of a main channel with two input ports and an

output port, which is placed in close proximity to a secondary channel

used to draw away the output droplet for inputs of 1/1. (a) Gate with

0/0 input and output of 1. (b) Gate with 1/0 input and output of 1. (c)

Gate with 1/1 input transitioning from an output of 1 to 0. (d) Gate

with 1/1 input with final output of 0. (Scalebar = 1 mm.)
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NAND gate in order to maintain a droplet shape after the

output overlaps with the secondary channel ports.

Multi-channel designs can also be used to merge and split

individual droplets. Fig. 4 shows a three-channel design that

can be used to either split an individual droplet or merge two

separate droplets. The output droplet of the central channel

can be split between the two side channels if its curvature is

smaller than both of the outer channels (Fig. 4a–c and movie 3,

ESI{). Alternatively, the central droplet can be used to mix the

two droplets from the outer channels if the curvature of the

central droplet is larger than both the outer droplets (Fig 4d–f

and movie 4, ESI{). A number of channels can be connected in

series by using the output of a preceding channel as the input

for next channel, as shown in Fig. 5 (movie 5, ESI{). In

addition to potentially enabling several gates to be connected

in series, the cascading nature of some of the gates confers a

degree of temporal control over subsequent pumping steps.

That is, a set amount of time is required for the initial input

droplet(s) to be pumped through a given channel before the

output droplet will reach a critical size to carry out the next

pumping step.

Passive timer

Periodic medium exchange, transient treatments with exogen-

ous factors, and immunostaining are just a few examples of

routine cell biology experiments that require a sequence of

pipetting steps over a period of time. Time-dependent

treatments are often inconvenient because they require a

physical presence to remove cells from an incubator, pipette,

and replace the cells in the incubator. In addition to being

inconvenient, removal of cells from an incubator for treatment

steps is not desirable because it exposes the sample, and the

rest of the incubator contents, to fluctuations in temperature

and atmospheric composition. Such stresses can alter cell

behavior, which could fundamentally alter experimental

results. Frequent handling of samples also increases the chance

of contamination. Ideally, all of the dispensing steps needed to

carry out a given experiment could be done at one time so that

cell culture samples only have to be removed from incubators

for endpoint analysis.

A passive timer can be constructed with a two-channel

design similar to the NAND gate. The timer channel is made

with a high fluidic resistance channel that acts like an

hourglass of sorts, with fluid moving from one end of the

channel to the other. The exit of the timer channel is placed in

close proximity to the entrance of the main channel that is to

be treated after a given period of time. The outlet droplet of

Fig. 3 Microfluidic XNOR gate using two channels. The XNOR gate

consists of a main channel with input and output ports, along with a

high resistance secondary channel to remove the output droplet when

only one of the inputs has a value of 1. (a) Gate with 0/0 input and

output of 1. (b) Gate with 1/0 input and output 0. (c) The same

conditions as shown in (a). (d) Gate with inputs of 1/1 and output of 1.

The droplet sizes for the input, initial output, and sink were 0.9, 1.2,

and 2.5 ml. Channel edges are outlined for clarity. (Scalebar = 1 mm.)

Fig. 4 Droplets can be split into separate volumes or merged with

other droplets. (a) A three-channel structure is primed with a small

droplet (1.1 ml) at the output port of the central channel and large

droplets (2.4 ml) on the output ports of the two outer channels. (b) A

0.5 ml droplet is placed on the input of the central channel, temporarily

increasing the volume of the central droplet so that it connects all three

channels. (c) The central droplet is split between the two output

droplets of the outer channels. (d) The three-channel structure is

primed with droplets on the outlets of the central channel (0.95 ml) and

the two outer channels (0.75 ml). (e) A 0.5 ml droplet is placed on the

input of the central channel, increasing the output volume and

connecting the channels. (f) The output droplets of the outer channels

are merged with the output droplet of the central channel. Channel

edges are outlined for clarity. (Scalebar = 1 mm.)

Fig. 5 A cascade of passive pumping steps. The volume of each

successive droplet is larger than the sum of the proceeding droplets. (a)

The channels primed just prior to adding a small droplet to set off the

cascade. (b)–(f) A series of images after the cascade has been set off.

Channel edges outlined for clarity. (Scalebar = 1 mm.)
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the timing channel grows as fluid is pumped through the high-

resistance channel and the droplet eventually grows large

enough to overlap the inlet port, creating a connection

between the two channels. If the pressure in the droplet

connecting the two channels is greater than the pressure at the

outlet of the main channel, the fluid connecting the two

channels will be pumped through the main channel. The

droplet connecting the two channels can be completely

pumped away or a portion of the liquid can be left behind to

maintain the connection, depending on the port design. The

time required to achieve fluidic connection is determined by

the resistance of the timer channel, i.e. the channel dimensions,

and by the size of the inlet and outlet droplets. A

representative timer can be seen in Fig. 6a–c. This design uses

a curved input port for the main channel in order to maintain a

connection between the two channels (movie 6, ESI{).

A channel with multiple inlets can be used to provide a

variable fluidic resistance, allowing for a wide range of times to

be set using a single device. Time delays ranging from a few

seconds to a number of hours can be achieved by varying the

channel resistance and initial pressure differential. Further,

multiple timing channels can be used to carry out a series of

treatments on an individual channel (movie 7, ESI{). Fig. 6d–f

shows a device with two multi-port timer channels. The timer

on the left was set for a longer time by placing an input droplet

at the port furthest away from the sink droplet and the timer

on the right was set for a short time by placing on the port

nearest the main channel. Fig. 6d shows the device just after

both of the y0.65 ml input droplets have been placed, along

with the 1.1 ml timer sink droplets and the 3.75 ml main channel

sink. Fig. 6e shows the device just after the fluid from the short

timer on the right has pumped through the main channel,

which occurred after approximately eight seconds. Fig. 6f

shows the device after the fluid in the timer on the left has been

pumped through the main channel after just over one minute

after the timer was set. Evaporation is of minor consequence

for short timer settings, but can significantly alter outcomes

for times longer than a few minutes if humidity control is not

provided.

Flow rheostat

The multi-inlet design used for the variable timer structure can

also be used to generate continuous slow perfusion by

connecting it directly to the main channel, as shown in Fig. 7.

Flow rates as low as 100 nl per minute have been achieved with

the system, with the lower limit being determined by the rate of

evaporative flow that counters the surface tension-based

pumping. The flow rate varies over the course of the pumping

due to the changing volume of the source and sink droplets;

however, the variation is gradual because the volumetric flow

rate is small relative to the overall droplet size for a significant

portion of the process.18 A video of the slow flow device can be

seen in movie 8 of the ESI.{
Transient flows can be observed when a small droplet is

placed between two relatively larger droplets with different

Fig. 6 Autonomous microfluidic timers based on passive pumping.

The basic structure consists of a high resistance channel that provides

slow flow to act as a timer and a second channel to pump the timer

output droplet through once its volume has exceeded a critical size. (a)

A single timer structure is shown with the high resistance timer channel

on the left (blue) and the main channel is on the right (red), shown just

after the input droplet was placed. (b) 45 seconds after placing the

input droplet and (c) 48 seconds after placing the droplet, showing the

outlet droplet of the timer flowing into the main channel. Multiple

timer mechanisms can also be connected to a single microfluidic

channel. (d) Input droplets of 0.65 ml are placed on ports of the two

timers. The droplet on the left timer is placed on the outer most port,

offering the highest resistance path. The droplet placed on the right

timer is placed on the port nearest the output droplet, which is 1.1 ml in

size, giving a lower resistance. (e) After 10 seconds, the output droplet

of the timer on the right has pumped through the main channel while

the timer on the left is still running. (f) The output droplet of the left

timer has passively pumped through the main chamber after a minute.

(Scalebar = 1 mm.)

Fig. 7 Multi-port microfluidic channel for slow perfusion and

transient flow. (a) The main channel (blue) is connected to a multi-

port channel that has a high fluidic resistance (red). The multi-port,

high resistance design serves as a rheostat to enable control over the

flow rate in passive pumping. The multi-port design allows multiple

input droplets to be placed, which can lead to transient flows. (b) A

small droplet (0.5 ml) is placed between two larger droplets and pumps

to both. The droplet to the left (colorless) has an initial volume of 3 ml

and the droplet to the right has a volume of 2.5 ml. Pumping from the

middle droplet eventually stops and flow goes from the droplet on the

right to the droplet on the left. (Scalebar = 1 mm.)
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volumes and resistance paths, as shown in Fig. 7b and c (movie

9, ESI.{). A 3 ml droplet is placed to the far right of the channel

and a 2.5 ml droplet is placed to the far right. Very little flow is

observed initially going from the right to the left because of the

high fluidic resistance of the channel between the two droplets

and the small relative volume difference between the two

droplets. A 0.5 ml droplet is then placed between the two

droplets, nearest to the droplet on the right. The high internal

pressure of the small droplet is sufficient to drive flow towards

both of the outer droplets. This flow essentially isolates the

two samples with convective flow, acting as a mass transport

valve. Eventually, flow from the smaller droplet stops and flow

is initiated from the droplet on the right to the droplet on the

left. Such an approach could also be used to achieve timed

dosing of samples, provided reactive components are appro-

priately isolated.

Experimental

SU8 master molds were made using standard soft lithography

procedures.19 The devices were fabricated using polydimethyl-

siloxane (Sylgard 184, Dow Corning) at the prescribed 10 : 1

base to crosslinker ratio and cured using exclusion molding20

on a hotplate at 72 uC for 2.5 hours. The PDMS replicas were

then mounted on polystyrene substrates to complete the

channel structure.

Conclusions

In conclusion, we have demonstrated a new method for

implementing fluidic logic and temporal control in micro-

fluidic devices using passive pumping. The method provides an

easy way to integrate functionalities into microfluidic devices

without adding complexity to the fabrication process and

limits the dependence on external equipment. The method can

be implemented in a high throughput manner with the use of

ubiquitous multi-channel pipettes and robotic dispensers,

facilitating use in cell biology research and screening applica-

tions. While the current designs use the active placement of

droplets, platforms could also be constructed using responsive

hydrogels to initiate fluid movement.21 The input ports could

be isolated from the output droplet by a hydrogel wall. If a

certain condition is met in the solution, such as a pH or the

presence of a specific biomolecule, the wall could shrink to

fluidically connect the input to the output. Additionally, one

can envision coupling the autonomous fluidic logic presented

here with other autonomous components22 to enable further

integrated functionality.
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