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We developed a microfluidic analogue of the classic Wheatstone bridge circuit for automated, real-time

sampling of solutions in a flow-through device format. We demonstrate precise control of flow rate and

flow direction in the ‘‘bridge’’ microchannel using an on-chip membrane valve, which functions as an

integrated ‘‘variable resistor’’. We implement an automated feedback control mechanism in order to

dynamically adjust valve opening, thereby manipulating the pressure drop across the bridge and

precisely controlling fluid flow in the bridge channel. At a critical valve opening, the flow in the bridge

channel can be completely stopped by balancing the flow resistances in the Wheatstone bridge device,

which facilitates rapid, on-demand fluid sampling in the bridge channel. In this article, we present the

underlying mechanism for device operation and report key design parameters that determine device

performance. Overall, the microfluidic Wheatstone bridge represents a new and versatile method for

on-chip flow control and sample manipulation.
Introduction

Lab-on-a-chip microfluidic systems offer several advantages for

applications involving sample analysis and small-scale synthesis,

including reduced amounts of reagents and miniaturized instru-

mentation.1,2 Microfluidic devices allow for on-chip integration

of multiple process modules for synthesis and analysis, including

reactors, mixers, separators and detectors. Incorporation of real-

time sampling and monitoring schemes allows for robust control

of integrated chemical processes. In this way, rapid sampling of

media or suspended particles, cells or droplets enables efficient

process monitoring and provides insight into fundamental

chemical and biological phenomena.3–8

Flow control is an essential component of microfluidic

systems. A number of flow manipulation and control methods

based on pressure-driven9–18 and electroosmotic18–21 flow have

been recently developed. A major challenge in pressure-driven

microfluidic systems is rapid and precise generation and manip-

ulation of steady flows with sufficient temporal response and

reproducibility. Device performance is often hampered by a lack

of precise and reproducible control of absolute pressure at the

device inlet,10–14 especially when an external pressure source such
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as a gas tank, a syringe and/or a peristaltic pump is utilized.

Furthermore, interfacial pressure drops in reservoirs within

microdevices present a challenge in generating reproducible,

steady flows in microfluidic systems, and current strategies for

flow generation generally lack the ability to reverse flow direction

while retaining precision and reproducibility.

Microfluidic systems are useful platforms for integrated analysis

of particles or reagents. In-line assays for monitoring particles, cells

or droplets are typically performed by: i) splitting and diverting

a small plug of fluid from the main sample stream22 or ii) passively

isolating particles from the main stream using physical barriers

such as wells or pockets.23–27 Although these methods are

straightforward, current approaches may be limited by sample loss

and an inability to manipulate or re-direct isolated samples. From

this perspective, development of new sampling methods allowing

for in-line monitoring of continuous flow processes would enable

rapid and efficient ‘‘on-chip’’ sample analysis.

Here, we present a microfluidic device that enables rapid and

precise manipulation of steady flows within a microfluidic

channel. Overall, the device is a microfluidic analogue of

a Wheatstone bridge, which is a classic electrical circuit used to

measure resistance (Fig. 1). The device allows for fine-scale

control of flow rate and flow direction by using a single on-chip

metering valve. In this way, flow direction in a microchannel can

be switched independently of the external pressure at the device

inlet. In this device, an on-chip membrane valve located in one

of the microchannels functions as the ‘‘variable resistor’’, such

that the valve opening is continually adjusted in order to

manipulate the pressure drop and actively control both the flow

rate and flow direction within the ‘‘bridge’’ microchannel.

In this work, we describe a microfluidic device that allows for

control of flow rate and flow direction, while enabling in-line
Lab Chip, 2011, 11, 4181–4186 | 4181
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Fig. 1 (a) Optical micrograph of the microfluidic Wheatstone bridge.

Two parallel branches (red) from an inlet stream are connected by

a perpendicular ‘‘bridge’’ channel. The bridge divides the parallel branches

into four segments, each with a distinct flow resistance (R1, R2, R3, RV).

One segment contains a metering valve (dark green), which functions as

a variable resistor (RV) to control flow within the bridge. (b) Flow control

in theWheatstone bridge. The flow rate and direction of flow in the bridge

are controlled by an on-chip metering valve. For R2RV < R1R3, flow is

directed towards the upper branch (left panel). Similarly, when R2RV >

R1R3, flow is directed towards the lower branch (right panel). ForR2RV¼
R1R3, the resistance is balanced, which completely stops the flow within

the bridge such that Qbridge ¼ 0 (middle panel).
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monitoring and rapid sampling in continuous flows. The device

functions as an automated dynamic sampler with fine-scale

control of fluid motion within the bridge channel (Fig. 1). In this

way, fluid samples can be readily routed or analysed by slowing

or completely stopping sample flow within the bridge channel,

which circumvents the need to repeatedly halt the continuous

flow of the main sample stream at the device inlet. The auto-

mated sampling method described in this work is a useful and

versatile tool for ‘‘on-chip’’ analysis in microfluidic devices.

In this paper, we report on the design and operation of

a microfluidic Wheatstone bridge and demonstrate application

for flow control and sample analysis. We discuss the underlying

mechanism for device operation, including the role of an inte-

grated, on-chip valve for flow control, and effective sample

isolation and confinement. Finally, we show proof-of-principle

device operation by confining solutions of suspended particles in

an ‘‘on-demand’’ format using an automated control algorithm.
Materials and Methods

Microfluidic Wheatstone bridge

The flow control and manipulation method for sample isolation

described in this work is based on a microfluidic analogue of the
4182 | Lab Chip, 2011, 11, 4181–4186
Wheatstone bridge (Fig. 1a). Two parallel branches of a sample

stream (shown in red) are connected by a perpendicular ‘‘bridge’’

channel, which divides the parallel streams into four channels.

Each of these channels has a distinct flow resistance (depending

on dimensions and geometry), and serves as one of the five

resistors (R1, R2, R3, RV and RBR) in the Wheatstone bridge, as

shown in Fig. 1a. The volumetric flow rate in the bridge channel

can be expressed in terms of the flow resistances and the total

flow rate Q (see ESI†):

Qbridge ¼ Q
R1R3 �R2RV

ðR1þRVÞðR2þR3Þ þRBRðR1þR2þR3þRVÞ
(1)

One of the channels (Fig. 1a, lower left) contains an on-chip

metering valve (shown in dark green), which functions as

a variable resistor to control fluid flow in the bridge. At one

particular value of valve resistance, the flow in the bridge is

balanced such that:

R1R3 ¼ R2RV (2)

When eqn (2) is satisfied, the flow potentials at each end of the

bridge channel are equal, and there is no flow through the bridge

(Qbridge ¼ 0). By adjusting the flow resistance (RV) of the lower

branch channel using the on-chip metering valve, the flow within

the bridge can be shifted towards either side (Fig. 1b). If R1R3 <

R2RV, then the flow at the bridge will be directed toward the

lower branch (Fig. 1b). Similarly, if R1R3 > R2RV, then the

direction of flow is reversed towards the upper branch. Fine-scale

adjustment of the flow resistance using the on-chip valve facili-

tates precise regulation of the volumetric flow rate in the bridge

(Qbridge). In this manner, the flow rate and the direction of flow in

the bridge are manipulated by dynamic control of the valve. For

instance, if the flow resistances are equal (R1 ¼R2 ¼R3 hRBR).

and RV can be adjusted within the range R/5 < RV <3R, then the

flow rate at the bridge can be manipulated within the range�Q/7

< Qbridge < +Q/7 see ESI†).

The microfluidic Wheatstone bridge consists of a hybrid poly

(dimethylsiloxane) (PDMS)/glass microdevice fabricated by

standard multilayer soft-lithography techniques (Fig. 1a).28 The

‘‘resistor’’ units comprising the microfluidic Wheatstone bridge

consist of rectangular microchannels with short constrictions in

all channels except for the bridge channel. In each resistor unit,

the flow resistance depends on the geometry and the dimensions

(width w, height h and length L) of the microchannels and

constrictions. In our devices, typical channel dimensions for the

microchannels are w ¼ 300 mm, h ¼ 30 mm, L ¼ 7.5 mm, and

dimensions for the constrictions are wC ¼ 100 mm, hC ¼ 30 mm,

LC¼ 1 mm. Typical dimensions for the bridge channel are wBR¼
100 mm, hBR ¼ 30 mm, LBR ¼ 3 mm, and the bridge does not

contain a constriction. In this way, these channel dimensions

approximately yield equal flow resistances for the fixed

(constant) ‘‘resistors’’, such that R1 ¼ R2 ¼ R3 ¼ R y RBR.

One of the microchannels in the microfluidic Wheatstone

bridge contains a metering valve, which is utilized to adjust flow

resistance by changing the valve opening. The metering valve is

a membrane valve, which consists of a microchannel positioned

above the fluidic channel and separated by a thin (30–70 mm)

elastomeric (PDMS) membrane. The valve microchannel
This journal is ª The Royal Society of Chemistry 2011
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typically has a width equal to the channel width w and a valve

length LV ¼ 0.5 mm. When the valve is pressurized, the

membrane deflects downwards into the fluidic layer, thereby

changing the cross-sectional area and flow resistance of the

fluidic microchannel positioned beneath the valve. The valve

opening (and therefore the cross-sectional area) is inversely

proportional to the pressure applied to the membrane29 (see

Fig. S3 in ESI†). By dynamic control of membrane valve pres-

sure, the valve opening is typically regulated within 25–100% of

the fully-open state, corresponding to an overall manipulation

range of 3R/4 < RV < 15R/4 for the flow resistance of the

channel. In this manner, adjusting the valve opening allows for

regulation of the flow rate in the bridge within �Q/6 < Qbridge

< +Q/30.

Sampling at the bridge channel

The microfluidic Wheatstone bridge is utilized to isolate samples

from a continuously flowing stream for in-line monitoring and

analysis. Sampling can be performed in two mutually exclusive

modes referred to as ‘‘flow-thru’’ or ‘‘stationary’’ mode (Fig. 1b).

In ‘‘flow-thru’’ mode, the bridge is unbalanced, and a fraction of

the sample stream flows through the bridge (Fig. 1b, left and

right panels). In this mode, the bulk velocity of the sample stream

is ‘‘slowed down’’ in the bridge channel, such that the sample flow

rate in the bridge is adjusted to a small fraction of the total flow

rate by controlling the metering valve according to eqn (1). In

‘‘stationary’’ mode, the bridge is balanced precisely by adjusting

the valve to satisfy eqn (2), and flow in the bridge is completely

stopped (Fig. 1b middle panel). When operating in stationary

mode, a small portion of the sample stream can be effectively

confined at the bridge for examination and analysis.

Results and discussion

Demonstration of ‘‘on-demand’’ sample analysis and device

characterization

As a proof-of-principle demonstration of device function, we

performed dynamic sampling of particulate flows using an

automated microfluidic Wheatstone bridge (Fig. 2). A feedback

control algorithm is used to automate device operation for

sample analysis (see below). In these experiments, we study the

motion of micron-sized fluorescent beads suspended in aqueous

solution, thereby validating the general strategy for in-line

sample analysis in a continuous flow format. Here, we analysed

aqueous suspensions of 2.2 mm diameter fluorescent polystyrene

beads, which are delivered into microfluidic devices using

a syringe pump with bulk volumetric flow rates in the range of

10–500 mL h�1. The bridge section of the microfluidic device is

imaged at 3.5� or 10� using an inverted microscope (Olympus

IX71) equipped with a high numerical aperture objective lens and

a CCD camera.

Fig. 2a shows the isolation of solutions containing fluorescent

particles in the bridge channel. In these experiments, we operate

the device in ‘‘stationary mode’’ such that fluid flow in the bridge

channel is completely stopped, which enables long-term obser-

vation and analysis of particles (see Movie 1 and Movie 2 in

ESI†). In contrast to the well-resolved images of stationary

particles confined in the bridge channel, the images of flowing
This journal is ª The Royal Society of Chemistry 2011
particles in the main stream appear as streaks due to the fast flow

rate in the main channel (300 mL h�1), where data was acquired at

30 frames/s. Fig. 2b shows the transient stopping trajectories for

nine particles isolated from the main stream and simultaneously

confined within the bridge channel (see Movie 3 in ESI†). The

average stopping distance is a function of the feedback control

algorithm (see Fig. 3c).

In order to elucidate the basic operation principles of the

microfluidic Wheatstone bridge, we studied the effect of the

membrane valve on modulating fluid flow in the bridge channel

(Fig. 3). The membrane valve functions as the variable resistor

and is a key component in regulating flow in the bridge channel.

We characterized the ratio of flow rate in the bridge to the total

flow rate as a function of the membrane valve opening (Fig. 3a).

Experimental data (red diamonds) is obtained by adjusting the

pressure applied to the membrane valve (0–15 psi) while

measuring the flow rate in the bridge channel. Next, the applied

pressure is converted to a normalized valve opening using

a calibration curve (see ESI†). As shown in Fig. 3a, the experi-

mental data is in good agreement with the theoretical response

curve (blue solid line), which is obtained using eqn (1) by

calculating the individual flow resistances of each device

component (channels, constrictions) in the Wheatstone bridge

(see ESI†). The membrane valve is modeled as a constriction

inducing uniform height changes along one of the channels.29

Overall, the response curve has a sigmoidal shape. The bridge is

balanced when the membrane valve is 47% open, which results in

zero flow in the bridge channel. The flow direction in the bridge

channel can be modulated by fine-scale adjustment of the valve

around the balance point. Based on the valve response, the flow

rate in the bridge channel can be regulated to within �0.25Q <

Qbridge < +0.09Q, where Q is the total volumetric flow rate. This

range of flow rates corresponds to devices with wBR ¼ 300 mm,

such that the dimensions for all channels on the device are

identical. Note that this differs from the range reported in the

previous section (�Q/6 < Qbridge < +Q/30), which corresponds to

devices with wBR ¼ 100 mm.

In addition to experiments, we theoretically characterized key

device design parameters affecting control of the flow rate in the

bridge (see ESI†). Specifically, we determined Qbridge/Q as

a function of normalized valve opening. We examined the flow

rate ratio Qbridge/Q for several device parameters, including the

length and width of the microchannels and constrictions, the

length and the width of the bridge microchannel, and the length

of the membrane valve. Together, these results provide impor-

tant guidelines for custom engineering of the Wheatstone bridge

for specific applications by tailoring the flow rate response curve

(Qbridge/Q as a function of valve opening).
Automated control of the microfluidic Wheatstone bridge

We developed an automated feedback control mechanism to

confine fluid streams in the microfluidic Wheatstone bridge.

When operated in ‘‘stationary mode’’, an automated feedback

controller is used to actively adjust valve opening by dynamic

pressurization, which regulates fluid streams for sample analysis.

We developed a custom control algorithm (LabVIEW) consist-

ing of the following steps: 1) image acquisition: a camera captures

an image of the bridge channel, 2) image processing: a computer
Lab Chip, 2011, 11, 4181–4186 | 4183
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Fig. 2 Particle confinement in the microfluidic Wheatstone bridge. (a) Suspended particles are confined in the bridge channel in a stagnant stream while

continuous fluid flow is maintained for the streams in the main channel. Here, fluorescent microspheres (2.2 mm diameter) are sampled from the main

stream and effectively trapped within the bridge channel using automated flow control. The total flow rate is Q¼ 300 mL h�1, and the width and length of

the bridge channel are 100 mm and 1 mm, respectively. The channels in the lower and upper branch (channel width, 300 mm) are partially shown. (b)

Multiple particles are confined simultaneously when the automated Wheatstone bridge is activated in ‘‘stationary’’ mode. Trajectories of nine particles

(2.2 mm fluorescent polystyrene microspheres) trapped simultaneously at the bridge channel are shown. (bridge width, 300 mm) White and colour coded

circles show the trajectories of the particles before and after the automated control algorithm is activated, respectively. The scale bar on the right shows

the corresponding time scale.
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processes the image by tracking and localizing the center-of-mass

positions of suspended particles, 3) controller logic: a controller

determines the pressure required for the on-chip valve to control

fluid flow based on the velocity of the suspended particles, 4)

control implementation: an electronic pressure regulator applies

the updated pressure to the on-chip membrane valve, which

ultimately results in adjustment of fluid flow in the device. Using

the device in the stationary mode of operation, the valve opening

is repeatedly adjusted until the flow resistances in theWheatstone

bridge are balanced, thereby completely stopping the flow in the

bridge channel (Qbridge ¼ 0).

The microfluidic Wheatstone bridge balance point can be

determined by characterizing the flow rate response curve, as

shown in Fig. 3a. In one approach, the membrane valve opening

can be manually set to the bridge balance point in order to

confine sample particles in the bridge (see Movie 1 ESI†).

However, the pressure corresponding to the bridge balance point

typically shows slight variations between different microdevices

or across different experiments due to variability in device

fabrication or fluctuations in flow rates, respectively.

To ensure robust control and precise regulation of sample

streams, we implement an automated control system for flow

control. In particular, we use a linear (proportional) feedback

control algorithm to control fluid flow in the bridge channel:

P’ ¼ P + k$Dx (3)

where k is the proportional gain constant, Dx is the distance over

which a particle traverses between consecutive frames, andP’ and

P are the updated and current pressure values, respectively. The

feedback control algorithm effectively minimizes the velocity of

suspended particles entering a region of interest (see Movie 2 in

ESI†). The trapping algorithm is based onmonitoring the motion

of a single target particle, which is typically either the first particle

entering the region of interest or the particle nearest to the center

of the region of interest (in the case of multiple particles entering
4184 | Lab Chip, 2011, 11, 4181–4186
the region of interest simultaneously). Stopping themotion of one

particle in the bridge effectively halts the overall fluid flow in the

bridge channel. In this way, the automated microfluidic Wheat-

stone bridge facilitates extended monitoring and analysis of fluid

streams or suspended particles.Moreover, the feedback controller

allows for ‘‘on-demand’’ particle sampling such that the user can

either maintain and analyze particles in the bridge or simply

release them by unbalancing the bridge (seeMovie 2 in ESI†). The

feedback loop is executed at a rate of �30 Hz, which is sufficient

for confinement of sample particles to within �5 mm over a time

scale of 30 s. The Wheatstone bridge corrects for convective fluid

motion, but long-term confinement of Brownian particles will be

affected by thermal drift.

Finally, we studied the effect of the proportional gain constant

k and total flow rate Q on the transient response of particle

confinement (Fig. 3b–c). Specifically, we measured stopping

distances for particles positioned near the vertical centerline in

the bridge channel. Stopping distances are measured for several

proportional gain values at three different flow rates (Fig. 3b).

For a given flow rate and proportional gain value, we obtained

consistent results for stopping distances over several trials. At

a constant flow rate Q, stopping distance rapidly decreases with

increasing proportional gain values. At a constant proportional

gain k, increasing flow rates yields shorter stopping distances,

which is a direct consequence of the proportional controller

relation in eqn (3). Proportional control implies that larger

pressure changes DP will be applied for particles traveling at

a higher velocity (larger Dx), which results in a more rapid

response. Fig. 3c shows time traces of particle positions at five

different proportional gain values at a total flow rate Qtotal ¼
150 mL h�1. In agreement with results shown in Fig. 3b, stopping

distance decreases with increasing proportional gain values. In

all cases, the particles are confined within a timescale of 900

msec. At large values of the proportional gain (e.g., k ¼ 0.020),

particles tend to overshoot their equilibrium position, exhibiting

a damped oscillatory trajectory prior to confinement. For even
This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 Characterization of the microfluidic Wheatstone bridge. (a)

Response of the flow rate in the bridge channel Qbridge (normalized to

total flow rate Q) as a function of membrane valve opening. Experimental

data (red diamonds) and theoretical calculations (blue solid line) reveal

that the bridge balance point is obtained around �47% valve opening.

Under these conditions, the flow rate at the bridge can be manipulated

within �0.25Q < Qbridge < + 0.09Q. The error bars for the experimental

data are on the order of the size of the data points and are provided in

ESI†. (b) Effect of the proportional gain constant (k) on the particle

stopping distance at three different flow rates (Q). (c) Effect of the

proportional gain constant (k) on the particle stopping distance at a fixed

flow rate (Q).
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larger values of the gain (k > 0.020), we observed periodic

oscillations of trapped particle position, indicating unstable

control (not shown).

Conclusions

In this work, we report an integrated microfluidic device that

enables rapid and precise manipulation of steady flows within
This journal is ª The Royal Society of Chemistry 2011
a microchannel. Flow rate and flow direction are manipulated by

using a single ‘‘on-chip’’ metering valve. We demonstrate direct

application of the device for rapid sampling and confinement of

suspended particles in aqueous solutions. The fundamental

operating principles of the microfluidic device are analogous to

the classic electrical Wheatstone bridge circuit, where bridge

current is set to zero by adjusting a variable resistor. As described

in this work, the microfluidic Wheatstone bridge generates

a stagnant region of fluid within the bridge channel by adjusting

flow resistances using an on-chip metering valve. We character-

ized the effect of valve operation on balancing the bridge, and

provided the device design parameters for optimal sampling

performance.

Recently, we reported a new flow-based method for particle

confinement in a microfluidic device called a hydrodynamic

trap.29,30 The hydrodynamic trap enables high-precision trapping

and manipulation of single micro- and nanoscale particles in

free-solution. In contrast to the hydrodynamic trap, the micro-

fluidic Wheatstone bridge confines multiple particles simulta-

neously, albeit without the ability for high-precision

manipulation. In the Wheatstone bridge device, ‘‘confined’’

particles are free to diffuse in the bridge channel.

The automated microfluidic Wheatstone device enables fine-

scale control and manipulation of flow within a microfluidic

channel. Moreover, the device facilitates ‘‘on-demand’’ and real-

time sampling of solutions or suspended particles in a continuous

flow format without stopping or diverting the main sample

stream. The flow rate at the bridge channel can be set to zero or

simply reduced to a small fraction of the total flow rate, thereby

enabling comprehensive monitoring and analysis of sample

particles even in applications requiring high flow rates. In this

work, we demonstrate confinement of fluorescent beads, though

we anticipate that this method can be readily extended to confine

droplets or cells suspended in growth media for analysis.

The method presented in this work can be interfaced with

applications requiring downstream processing of samples. For

example, solutions or particulates confined in the bridge channel

can be diverted into a collection chamber for further on-chip

analysis or off-chip processing. In addition, we anticipate that

the microfluidic Wheatstone bridge could be used for automated

particle sorting, wherein particles matching a pre-defined set of

selection criteria (morphology, size, etc.) could be identified by

custom pattern recognition or computational algorithms and

subsequently confined at the bridge for further analysis. Finally,

the microfluidic Wheatstone bridge is also amenable to multi-

plexed applications. A microfluidic device featuring a parallel

array of independently controlled bridges would facilitate

simultaneous sampling and monitoring of particles frommultiple

sample streams. Alternatively, an array of bridges positioned in

series along a particular sample stream would permit sampling at

regular time intervals under continuous flow conditions, which

could be used to quantitatively analyse a kinetic process.

Overall, the microfluidic Wheatstone bridge provides a useful

alternative to current sampling techniques based on physical

barriers or flow networks that divert main sample streams in

microdevices. From this perspective, the microfluidic Wheat-

stone bridge has the potential to enable new analysis techniques

in biotechnology, analytical chemistry and materials science.

Finally, the microfluidic Wheatstone bridge can serve as
Lab Chip, 2011, 11, 4181–4186 | 4185

http://dx.doi.org/10.1039/C1LC20604D


Pu
bl

is
he

d 
on

 2
7 

O
ct

ob
er

 2
01

1.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
Il

lin
oi

s 
- 

U
rb

an
a 

on
 1

9/
05

/2
01

4 
17

:1
4:

46
. 

View Article Online
a building block for on-chip fluid control. A number of micro-

fluidic devices have been recently developed based on electrical

circuit analogues.15,16,31–35 In this way, the Wheatstone bridge

device could be implemented as a basic logic unit36 for flow

control, wherein the direction of fluid flow at the bridge channel

encodes for the two states of a binary digit.
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