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This paper proposes novel microfluidic concentration gradient generator (CGG) devices that are

capable of constructing complex profiles of chemical concentrations by laterally combining the

constituent profiles (e.g., linear and bell-shaped) generated in simple Y- or c-shaped mixers. While the

majority of currently existing CGG devices are based on complete mixing of chemical species, our

design harnesses partial diffusive mixing in multi-stream laminar flow, and hence, features simple

network structures and enhanced device reliability. An iterative simulation approach that incorporates

our previous system-level models of CGG networks is developed to locate best-matched combinations

of geometrical and operating parameters (e.g., inlet flow rates and inlet sample concentrations) for the

device design. Microfluidic CGG chips are fabricated and experimentally characterized using optimal

layout and operating conditions selected by the design process. The experimental results not only serve

as a benchmark for model verification but also establish the feasibility of concentration gradient

generation based on partial mixing for a variety of microfluidic applications.
1. Introduction

Concentration gradients (or concentration arrays) of diffusible

chemicals or stimulating samples are widely used in lab-on-a-

chip applications involving cell biology (e.g., chemotaxis1,2),

biochemistry,3 surface patterning and microfabrication.4,5

Conventionally, pipette injection into fluidic channel,6 sample

diffusion through gel,7 the Boyden chamber8 or their variants9,10

are used to release the sample and to investigate cell behavior

subject to certain concentration gradients of the sample.

However, these techniques are inefficient in providing spatially

stable gradients of complex shapes due to the unbalanced

chemical flux into and from the region of interest.11 On the other

hand, a technique to generate and maintain predictable complex

concentration gradients over an extended period of time is

strongly desired in practice, for example, to examine the corre-

lation between the gradient and cell behavior, and quantitatively

compare the significance of competing gradients of different

samples.11,12

Desired concentration gradients can be effectively produced in

microfluidic networks, where molecules diffuse between multiple

streams of laminar flow.11 Most commonly, the networks consist

of several hierarchical stages of microchannels followed by

a single output microchannel.11,13,14 In each stage of the micro-

channels, sample or buffer streams from the preceding stage are

split into a larger number of streams, which are then recombined

for complete inter-stream mixing via sample diffusion (i.e.,

uniform sample concentration across the entire stream15,16). This
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process is repeated through all microchannel stages; and flow

streams from the last stage are combined into a single stream in

the output channel to form desired sample concentration gradi-

ents. To enable efficient design of such complete-mixing based

microfluidic concentration gradient generator (CGG) devices,

simple algebraic models derived from the flow-electrical analogy

have been proposed to capture the variations of sample

concentrations within the network (except for the output

microchannels).11 This approach has been applied to design

diverse concentration profiles, such as linear, parabolic,

sawtooth, and hybrid profiles.2,11,13 Recently, Campbell and

Groisman17 further improved the approach by generating

a monotonic concentration profile of any given shape and

reducing the number of splitting-recombining-mixing stages

logarithmically.

While widely used, concentration gradient generation by

complete-mixing often requires overly long microchannels linked

in complex topology, which consume large chip area and are

prone to leakage and clogging. In addition, this approach

produces discontinuous (step-like), non-smooth14 concentration

profiles in the output channel that may be undesirable for some

applications. These limitations can be effectively addressed by

a gradient generation approach that exploits partial mixing and

multi-stream laminar flow configuration in the microfluidic

network, leading to simplified network topologies. Along these

lines, Holden et al.18 reported a Y-shape laminar microfluidic

diffusion diluter (mDD) that utilized side-by-side partial-mixing

of samples to generate transverse concentration gradients.

Walker et al.19 employed a cross-mixing microfluidic device to

produce a bell-shaped concentration profile of a virus, which was

used to study cell infections in microscale environments. These

devices, however, are limited to the generation of simple

concentration profiles. Indeed, studies on applying the partial-

mixing principle to create complex concentration profiles are
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scarce. The primary reason might be that the multiphysics (in

particular, sample transport after stream combination) involved

in partial mixing is much more complicated than in the complete

mixing case.15,16 Therefore, efficient transport models and robust

design algorithms that are experimentally validated are strongly

desired to guide the design of partial mixing-based CGGs.

To address these critical needs, this paper presents novel

microfluidic CGG devices that construct complex-shaped

sample/chemical concentration profiles by juxtaposing constit-

uent profiles (e.g., linear and bell-shaped) resulting from the

partial mixing of samples in simple Y- or c-shaped mixers. To

enable efficient design of the CGGs, an iterative simulation-

based method is proposed, in which the system-level model

representation of each candidate design (as we recently repor-

ted16) is successively evaluated to locate the optimal combination

of the governing parameters. The optimal CGG layout obtained

from the iterative process is then translated into a fabricated

microchip, which is thoroughly characterized by experiments.

Generation of complex concentration gradients (such as

sawtooth-shaped and double bell-shaped profiles) that previ-

ously has been allowed only by the complete mixing-based

methods is successfully demonstrated. This substantiates the

capability of partial mixing-based CGGs for various lab-on-a-

chip applications. The experimental results of the gradient

generation show excellent agreement with those at the design

phase, and hence, convincingly verify our models and design

approach.

Building on our previous modeling work,16 the present study

addresses the development of the design algorithm, its applica-

tion to practical CGG design, demonstration of generating

complex concentration profiles by partial mixing, as well as the

experimental verification of the models. As a result, we establish

a self-contained, automated platform for efficient, system-level

design of CGGs (spanning both partial- and complete-mixing-

based devices).

The paper is organized as follows. The principles of the partial

mixing-based gradient generation and the modeling method-

ology (including component- and system-level models) are first

introduced in Section 2. Section 3 elucidates the iterative simu-

lation-based design approach, which is followed by a description

of the microchip fabrication and experimental setup (Section 4).

In Section 5, a variety of practically useful concentration gradi-

ents generated via partial mixing are demonstrated. The

modeling and design results are validated against experimental

data. The paper concludes with a summary in Section 6.
2. Principle and modeling methodology

In this section, we will first illustrate the principle of the partial

mixing-based CGG devices and then briefly describe the

component models and system-level representations that will be

used in a simulation-based design algorithm.
2.1 Partial mixing-based concentration gradient generation

Consider a Y-shaped mixer (Fig. 1a) and a c-shaped mixer

(Fig. 1b), which comprise a junction (Y-shaped or c-shaped)

and several microchannels connected to the junction. Given the

microscale dimensions of the channel cross-section and the
1440 | Lab Chip, 2009, 9, 1439–1448
practically relevant flow rates, the Reynolds number of the flow

is small and the molecular diffusion within laminar flow is the

dominant mechanism for sample mixing between streams. In

the Y-shaped mixer, the sample and buffer solvent merge at the

junction and then mix with each other in the downstream

mixing channel. The extent of sample mixing determines the

shape of the resulting concentration profiles. For example,

immediately after the junction, an abrupt step-shaped profile

forms due to the negligible transverse diffusion. The transverse

location of the discontinuity is determined by sample and buffer

flow rates through both branch channels. The concentration

profile evolves into a more smooth distribution as the sample

migrates downstream. At the end of the channel, an approxi-

mately linear concentration profile is obtained, which exhibits

good linearity in the central portion of the channel width. The

gradient is modestly nonlinear at both sidewalls due to their

impermeability to sample transport. Similarly, a sample stream

sandwiched between two pure buffer streams can be introduced

into a mixing channel (Fig. 1b). Immediately after the c-shaped

junction, a Dirac delta function-like concentration profile forms

because of a lack of sample mixing therein. Inter-stream

diffusion in the downstream mixing channel smears out the

abrupt gradient and produces a bell-shaped profile, which is

commonly employed to investigate chemotaxis.2 By selecting

proper channel dimensions, flow rates and detection spots,

desired height, width and transverse position of the bell shape

can be obtained.

It is straightforward to conceive that by juxtaposing these

constituent profiles laterally, temporally and spatially stable

gradients of more complex shapes can be achieved. For

example, a sawtooth-shaped concentration profile (including

three linear segments) can be created by merging the approxi-

mately linear profiles emerging from three Y-shaped mixers.

The associated network topology is depicted in Fig. 1c, which

shows that the Y-shaped mixers are placed in parallel on

a microchip, and their exits converge at a c-shaped junction.

The sawtooth profile is then detected at the downstream output

channel. As the constituent profiles are independent of each

other, their shape characteristics (e.g., width, slope, peak and

mean concentration values) can be individually manipulated by

judicious choice of branch flow rates, channel sizes, and flow

ratios.
2.2 Component models

The microfluidic CGG device can be represented by a set of

elementary components, including microchannels (straight or

curved), Y- and c-shaped junctions (Fig. 2), and reservoirs. In

a microchannel (Fig. 2a), sample and buffer streams flow side by

side, and mix with each other by molecular diffusion in laminar

flow (note that a channel containing only sample or buffer can be

treated as a special case). A Y-shaped junction has two inlets,

labeled as ‘‘L’’ and ‘‘R’’, and one outlet as ‘‘Out’’ (Fig. 2b).

Sample and/or buffer streams enter the junction via the inlets and

exit from the outlet as a single combined stream. Similarly, a c-

shaped microchannel junction possesses three inlets, which are

labeled as ‘‘L’’, ‘‘C’’, and ‘‘R’’, and one outlet as ‘‘Out’’ (Fig. 2c).

Accordingly, three streams of sample and/or buffer solutions are

concurrently introduced into the junction. Note that while not
This journal is ª The Royal Society of Chemistry 2009



Fig. 1 Principle of CGGs based on partial mixing of samples. Constituent mixers: (a) a Y-shaped mixer and the generated concentration profile, and (b)

a c-shaped mixer and the generated concentration profile. (c) a CGG, which consists of three Y-shaped mixers placed in parallel on a microchip,

generates a sawtooth-shaped profile including three constituent linear profiles.
discussed here, junctions with four or more inlets could be used

to combine more streams if desired.

As a complex microfluidic network can be decomposed into

a collection of standardized components, a system-level

modeling and simulation methodology will be utilized for CGG

modeling in this paper. That is, models for individual compo-

nents will be developed, which are then linked to construct

a system-level model for the entire microfluidic network repre-

sentation. Details of the component models are given else-

where.16 Here, to make this paper self-contained, we

recapitulate the key elements of these models. Essentially, the

objective of component modeling is to determine the functional

relationship between the inlets and outlet in terms of fluidic

pressure (p), flow rate (q), and sample concentration (c). To

obtain the model in analytical form, we make the following
This journal is ª The Royal Society of Chemistry 2009
assumptions. First, the length of the channel is much greater

than its width and depth. Second, in practical applications, the

mixing channel has a flat cross section, i.e., the width is much

larger than the depth. Third, a mixing channel can be either

straight or curved in shape (e.g., serpentine in Fig. 1c), in which

case the effects of longitudinal curvature on the laminar flow

and sample diffusion are negligible. Finally, the flow field is

steady-state. The implications and justification of these

assumptions are discussed in Ref. 16.

2.2.1 Microchannel model. By solving the flow momentum

equation and convection-diffusion equation along with the

assumptions above, at the inlet and outlet of a microchannel, the

pressure (p), flow rate (q), and Fourier coefficients (dn) (defined

below) are given by16,20
Lab Chip, 2009, 9, 1439–1448 | 1441



Fig. 2 Elementary components and models for concentration gradient generation: (a-1) a microchannel (straight or curved), (a-2) the model for the

microchannel; (b-1) a Y-shaped junction, (b-2) the model for the Y-shaped junction; (c-1) a c-shaped junction, and (c-2) the model for the c-shaped

junction. The c-shaped junction is modeled as a serial connection of two Y-shaped junctions. Here R denotes the flow resistance of the component.
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where subscript ‘‘in’’ and ‘‘out’’ represent the quantities at the

inlet and outlet of the channel, q is the volumetric flow rate

through the channel, R is the channel’s flow resistance, b is the

channel’s aspect ratio, defined as the ratio of channel width w to

the depth h, l is the channel length, 6 is the dynamic viscosity of

the solution. Also t ¼ lD/(Uw2) is the dimensionless residence

time of the sample in the channel, where U is the average flow

velocity across the channel’s cross-section. The concentration

profile of the sample at any location in the network (including

inlets and outlets) can be written by c(h) ¼ SN
n ¼ 0dn cos(nph),

where dn is the Fourier coefficients (n ¼ 0, 1, 2,.), y and h ¼ y/w

are, respectively, the dimensional and dimensionless transverse

coordinate (Fig. 2). Eqs. (1) and (2) also apply to a curved

microchannel turn having a rectangular cross section (Fig. 1c),

with the centerline arc length given by l ¼ rcq, where rc and q are,

respectively, the mean radius and included angle of the turn.

2.2.2 Y-Shaped junction. In a Y-shaped junction two

incoming streams with certain sample concentration profiles are

juxtaposed and emerge as a single combined stream (Fig. 2b). As

the flow path lengths of the Y-junction are negligible compared
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with those of the channels, such an element can be assumed to

have zero physical size. Thus, the pressures and the Fourier

coefficients of the sample concentration at the inlets and outlet

are related by

p(L) ¼ p(R) ¼ p(out), R(L) ¼ R(R) ¼ R(out) ¼ 0 (3)

and

dðoutÞ
n ¼

d
ðLÞ
0 sþd

ðRÞ
0 ð1�sÞ;

if n¼0

s
XN; if msns
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XN; if m¼nð1�sÞ

m¼0
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(4)

where ‘‘L’’, ‘‘R’’, and ‘‘out’’, respectively, denote the quantities

at the left inlet, right inlet and outlet; s ¼ q(L) /(q(L) + q(R)) is the

flow ratio at the junction, i.e., the normalized flow rate of the left-

branch stream, and gives the normalized position of the interface

between the incoming streams. Here, f1 ¼ (m � ns)p, f2 ¼ (m +

ns)p, F1 ¼ (m + n � ns)p and F2 ¼ (m � n + ns)p.
2.2.3 c-Shaped junction. To develop a separate model for the

c-shaped junction is unnecessary, as the c-shaped junction can

be constructed as a serial connection of two Y-shaped junctions

(Fig. 2c). Likewise, the pressures at all inlets and outlet are

identical due to zero physical size of the junction:

p(L) ¼ p(C) ¼ p(LC) ¼ p(R) ¼ p(out),

R(L) ¼ R(C) ¼ R(LC) ¼ R(R) ¼ R(out) ¼ 0 (5)
This journal is ª The Royal Society of Chemistry 2009



As to the Fourier coefficients, the output of the first Y-shaped

junction is used as the input to the left inlet of the second Y-

shaped junction. Specifically, given the Fourier coefficients of the

sample concentration at the left d(L)
n and the center inlets d(C)

n , Eq.

(4) is used to calculate the Fourier coefficients d(LC)
n at the

outlet of the first Y-shaped junction. d(LC)
n and that at the right

inlet d(R)
n are then supplied as the inputs to Eq. (4) of the second

Y-shaped junction to calculate the overall output coefficient

d(out)
n of the c-shaped junction.
2.3 System-level models

The design process requires the use of a system-level model

representing the whole CGG device of the candidate design for

performance evaluation. This is accomplished by linking the

component models described above according to the device

topology (see Ref. 16 for a more detailed discussion of model

integration).

The use of the system model to evaluate the candidate design

involves computing both fluidic parameters including pressure

(p), flow rates (q), and the Fourier coefficients (dn) of the

concentration profile along the channel width for all components

in the network. Parameters between two neighboring compo-

nents are set equal, i.e., (P(i))j + 1 ¼ (P(out))j and {d(i)
n }j + 1 ¼ {d(out)

n }j

because of continuity requirements, where the index i has values

‘‘in’’, ‘‘L’’, or ‘‘R’’, respectively, to represent the component’s

inlet, left, or right inlets, j denotes the jth component in the

network and its immediately downstream component is

numbered j + 1.

The specific computational procedure is as follows.16 Given

a system topology, component geometries and volumetric flow

rates (or equivalently applied pressures) at reservoirs, the flow

rate through each component in the entire CGG network is first

computed using Eqs. (1), (3), and (5) along with Kirchhoff’s law.

The flow rate (q), average flow velocity U, and the direction of the

stream within each component, as well as the flow ratio s at the

junctions are then explicitly calculated. With these results and

user-input sample diffusivity D, Fourier coefficients of sample

concentrations {d(out)
n }jat the outlet of component j are deter-

mined from the corresponding values at the component inlets,

and then assigned as an input to the inlet of its succeeding

component j + 1, for which the sample concentration Fourier

coefficients {dn
(out)}j + 1 can be computed in a similar manner. This

procedure starts from the most-upstream sample reservoirs, and

continues until the most-downstream component (waste reser-

voir). Once the Fourier coefficients at each component are

available, the concentration profile within the entire network

(including that at the detector location) can be reconstructed

with c(h) ¼ SN
n ¼ 0dn cos(nph).

Finally, it should be noted that all the component models and

system-level modeling approach could be extended to devices

that use electrokinetically driven flow.21 In this case, the

assumption of flat channel cross sections can be relaxed.16
Fig. 3 A flow chart illustrating the iterative simulation-based design

approach.
3. Iterative simulation-based CGG design

In practice, it is often necessary to design a device that generates

a user-prescribed concentration profile. This can be accom-

plished using an iterative simulation process, in which a set of
This journal is ª The Royal Society of Chemistry 2009
candidate designs spanning a user-specified parameter space is

successively evaluated to identify the best choice. To facilitate the

formulation of this process, a profile discrepancy index, E{d, p}, is

defined to characterize the discrepancy between the prescribed

profile cp and the profile produced by the individual candidate

design cd in the iterative process:

Efd; pg ¼

ðh2

h1

����cdðhÞ � cpðhÞ
����,dhðh2

h1

cpðhÞ,dh

(6)

where h1 and h2 (0 # h1<h2 # 1) represents the transverse region

of interest in which the concentration profiles are evaluated.

E{d,p} falls in the interval [0, 1] and a small value of E{d,p} indi-

cates good agreement between the two profiles cd(h) and cp(h).

As shown in Fig. 3, the process begins with the choice of

a suitable topology of the device according to the user-prescribed

concentration profile (e.g., linear, bell-shaped, or sawtooth-sha-

ped). Then proper component models are selected and linked to

provide the system-level representation of the device. The

behavior of individual candidate CGG design is governed by

a set of parameters including the dimensions of each component

(e.g., the length l, width w and height h of the channels), prop-

erties (e.g., sample diffusivity D), and operating conditions (e.g.,

sample concentrations c and flow rates q at the inlet reservoirs,

and the detector location ld). In general, all these parameters can

be treated as design variables and be determined from the iter-

ative process. However, in practice, it may be desirable to use

a single device to produce multiple concentration gradient

profiles. As shown in Fig. 3, we focus on this important scenario

by selecting operating parameters as design variables for fixed
Lab Chip, 2009, 9, 1439–1448 | 1443



device geometry. Given initial guess values of design variables,

the modeling subroutine assembles all the necessary information

and calculates the output concentration profile cd as well as its

discrepancy from cp at the position of detection. This step

progresses iteratively at the nodes of the latticed user-defined

parameter space to find out the best parameter combination

yielding minimal E{d, p}. This iterative procedure later can be

improved in terms of automation and convergence speed by

incorporating an appropriate optimization engine. It should be

noted that if needed, the device dimensions also could be added

as design variables in the above process. In addition, this design

methodology also applies to electrokinetic CGG devices, in

which the electrical potential at the reservoirs rather than the

flow rate can be chosen as a design variable.
4. Microfabrication and experimental setup

Microfluidic CGG chips are fabricated according to the optimal

design layout obtained from the aforementioned procedure. The

chip consists of a sheet of poly(dimethylsiloxane) (PDMS)

bonded to a glass substrate. The microfluidic features are fabri-

cated in the PDMS sheet using soft lithography techniques. The

fabrication process begins with spin-coating and patterning

a 60-mm layer of SU-8 2050 photoresist (MicroChem, MA) on

a silicon wafer, which upon curing at 95 �C for 7 min on a hot-

plate forms a master defining the negative of desired microfluidic

features. Next, a PDMS prepolymer (Sylgard 184, Dow Corning,

MI) is cast against the master and cured at 70 �C for 45 min, also

on the hotplate. The resulting PDMS sheet is then peeled off

from the master, cut into properly sized pieces, and punched with

inlet and outlet holes. The PDMS is bonded to a glass slide

(Corning, NY) after being placed for 5 minutes in a UV ozone

cleaner (Model T10X10/OES, UVOCS, PA). Tygon tubes (Saint-

Gobain Performance Plastics, OH) are inserted into the inlet and

outlet holes in the PDMS and affixed with Epoxy (ITW Perfor-

mance Polymers, FL). Fig. 4 illustrates the fabricated CGG

micro-device (with ink solution filled in the channels), and the

insets show the generation of concentration gradient using

fluorescent solution.

A 10 mM stock solution of Alexa 488 (Sigma-Aldrich, MO) is

prepared in phosphate buffer saline (PBS). Diluted concentra-

tions are obtained by adding aliquots of the stock solution to
Fig. 4 The CGG device fabricated by the soft lithography technique. (a)

CGG for sawtooth-shaped profile, and (b) CGG for double bell-shaped

profile. The insets show the generation of concentration gradient using

fluorescent solution.

1444 | Lab Chip, 2009, 9, 1439–1448
PBS. In the experiments, fluorescent solutions and PBS buffer, at

Alexa concentrations and the flow rates resulting from the iter-

ative design process, are driven into the CGG devices using

syringe pumps (KD230P, KD Scientific, MA). For generation

of double bell-shaped profile (see below), an additional

syringe pump (NE-1000, New Era Pump Systems, NY) is used.

Fluorescent images are taken with an inverted epi-fluorescence

microscope (Diaphot 300, Nikon Instruments, NY) and recorded

by a CCD camera (Model 190 CU, Micrometrics, NH). Fluo-

rescent intensity profiles across channel width are extracted from

the images using ImageJ (available free online at http://rsb.

info.nih.gov/ij/). For convenience of data presentation, all fluo-

rescence intensity values are normalized against that of the stock

solution.
5. Results and discussion

This section presents several microfluidic CGGs that are designed,

fabricated and tested as described above. We will consider a set of

practically important concentration gradients, including linear,

bell-shaped, sawtooth-shaped, and double bell-shaped profiles.

The concentration profiles measured in the experiments are then

compared to the user-prescribed profiles and those from the

design phase to validate the system model, and more importantly,

to substantiate the feasibility of generating complex concentra-

tion gradients using the partial mixing approach.

In the discussion below, we will need to assess the discrep-

ancies of an experimentally obtained concentration profile, ce(h)

as compared with the corresponding user-prescribed concentra-

tion profile, cp(h), and design-generated profile, cd(h). We use

indices that are defined in a similar fashion to Eq. (6) to char-

acterize these discrepancies, with the subscripts {d, p} respec-

tively replaced with {e, p} and {d, e} to represent comparisons

between the experimental and prescribed profiles, and between

the design-generated and experimental profiles. Note again that

0 # h1<h2 # 1 in Eq. (6).
5.1 Linear profiles

We first demonstrate the design and experimental results of CGG

devices to produce a prescribed linear concentration profile,

which is mathematically represented by

c ¼ a + bh (7)

where a and b are constants. As discussed in Section 2.1, this

profile can be generated with a Y-shaped mixer (see Fig. 1a). The

device dimensions and normalized sample concentrations at the

inlet reservoirs (cL¼ 1 and cR¼ 0 at the left- and right-inlets) are

fixed, while the iterative design process is carried out to deter-

mine the flow rates qL and qR yielding sample concentration

profile closest to the prescribed one. Here, consider two

prescribed linear concentration profiles given by {a, b}(I) ¼ {1.5,

2} (called Linear Profile I), and {a, b}(II) ¼ {2.5, 4} (called Linear

Profile II). The length and width of both branch channels are

8000 mm and 212 mm, and those of the output channel are 10000

mm and 600 mm. The detector is located at 10 mm downstream of

the Y-shaped junction. Given these device dimensions, the

proper flow rates yielded by the iterative simulation are: {qL,
This journal is ª The Royal Society of Chemistry 2009



qR}(I)¼ {0.722, 0.722} ml/min and {qL, qR}(II)¼ {3.445, 3.445} ml/

min. The concentration profiles from the design and experiments

are compared to the prescribed ones in Fig. 5a. Good agreement

is found in the central region over the microchannel width.

Specifically, at the detector position, the discrepancy between the

design profile and prescribed profile over the central portion (0.4

# h # 0.6) is characterized by E{d,p} ¼ 0.2 % (Linear Profile I)

and 1.9 % (Linear Profile II), and that between the experimental

and prescribed profiles is E{e,p} ¼ 1 % (Linear Profile I) and 11.1

% (Linear Profile II). The deviation of design and experimental

profiles from the prescribed profiles is appreciable near the

channel sidewalls (0 # h < 0.4 and 0.6 < h # 1) and can be

attributed to impermeability of the walls to sample transport.

However, this generally would not affect practical applications

(e.g. cell chemotaxis), as the observation of biological behavior

(e.g., cell response) is extracted typically only in the central linear

region for analysis. It should also be pointed out that the bending

of the linear profile at the sidewalls is present even for complete

mixing-based gradient generation as the inter-stream diffusion is

typically needed for profile smoothing;14 while the use of a large

number of branches markedly alleviates such side effects.11

Fig. 5a also reveals that larger flow rates, accompanied by

a narrower central linear region, are required to produce the

concentration profile of a larger gradient (dc/dh ¼ 4). The width

of the central linear region is determined by the sample transverse

diffusion length (wd), and accordingly, the longitudinal sample

residence time (t), which are correlated by wd ¼ (2Dt)1/2. At

higher flow rates, the longitudinal sample residence time and

transverse diffusion length are both shorter (given a fixed

detector location), leading to narrower central linear region.

To experimentally verify our system-level models,16 we further

compare the experimental and design results. Note that the

comparison is carried out over the entire channel width (0 # h #

1), as the models are able to capture the diffusion behavior at the
Fig. 5 Comparison of the prescribed, design, and experimental results of the

2} and (a-2) linear profile with {a, b}(II) ¼ {2.5, 4}; (b-1) bell-shaped profile w

and (b-3) bell-shaped profile {a, b}(III).¼.{10, 0.3}.
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sidewalls. Excellent agreement is observed, with relative errors of

E{d,e} ¼ 2.6% (Linear Profile I) and 4.3% (Linear Profile II). The

discrepancy can be attributed to both approximations in the

models and errors in fluorescence experiments. In the model,

a large channel width-to-depth ratio is assumed,16 which in turn

leads to the assumption of a uniform cross-sectional velocity.

This essentially neglects velocity boundary effects at the channel

walls, and results in the near-wall discrepancies between the

profiles. In experiments, errors in the actual flow rates of

the syringe pumps would result in a small lateral shift in the

measured concentration profile with respect to the design profile,

and the shift is exacerbated for steeper profiles, as is evident from

Fig. 5a.
5.2 Bell-shaped profiles

A symmetric bell-shaped profile along the channel width can be

mathematically described in terms of two error functions,

c ¼ {erf[a(h � b)] � erf[a(h � 1 + b)]}/2 (8)

where a and b are constants, respectively, determining the slope

and position of the sigmoid sides of the bell shape profile. This

profile can be produced by a CGG device consisting of a single

c-shaped mixer (Fig. 1b). In the device design, we again hold

device dimensions and inlet sample concentrations, and perform

the iterative design to determine the flow rates of the sample and

buffer solutions at the L-, C- and R-inlets (qL, qC and qR). The

device dimensions are as follows: the length and width of the

three branch channels are 8000 mm and 156.72 mm, and those of

the output channel are 10000 mm and 600 mm. Detection is made

at the end of the output channel. Given the device dimensions

and inlet concentrations, flow rates of {qL, qC, qR}(I) ¼ {2.532,

0.844, 2.532}, {qL, qC, qR}(II)¼ {6.594, 2.198, 6.594}, and {qL, qC,
constituent concentration profiles: (a-1) linear profile with {a, b}(I) ¼ {1.5,

ith {a, b}(I) ¼ {6, 0.2}, (b-2) bell-shaped profile with {a, b}(II).¼.{10, 0.2},
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qR}(III) ¼ {3.295, 4.395, 3.295} ml/min are obtained from the

iterative design process to produce, respectively, three concen-

tration profiles given by {a, b}(I) ¼ {6, 0.2} (called Bell Profile I),

{a, b}(I)¼ {10, 0.2} (Bell Profile II), and {a, b}(III)¼ {10, 0.3} (Bell

Profile III). It shows that relative to Profile I, large flow rates are

needed in Profile II to expedite the sample migration in the main

microchannel for less diffusion, steeper side slopes, and more

drastic gradient change (i.e., larger values of a ¼ 10). As the

sigmoidal position parameter b increases, both sigmoid sides

translate towards the channel centerline, shrinking the width of

the plateau and the area under the curves. This can be achieved

by reducing the ratio qC/qL (or qC/qR) to reduce the amount of

sample entering the network. Further increase in b can result in

a Gaussian or a Dirac d profile without plateaus. The concen-

tration profiles from the design and experiments are both

compared to the prescribed profiles in Fig. 5b. They all agree well

over the entire mixing channel width (in contrast to agreement

found only in the central region for linear profiles). This is

because the prescribed profiles expressed by error functions

precisely capture the diffusion physics at the sidewalls and zero

gradients therein. The discrepancy between the design and

prescribed profiles for all the three cases are almost indistin-

guishable, characterized by E{d,p} ¼ 1% (Bell Profile I), 0.28%

(Bell Profile II), and 0.39% (Bell Profile III) over the entire

channel width. The relative errors between the experimental

results and the prescribed profiles are found to be E{e,p} ¼ 2.76%

(Bell Profile I), 3.56% (Bell Profile II), and 2.86% (Bell

Profile III).

To examine the model accuracy, the design profiles obtained

from model evaluation are also validated against the experi-

mental results. Again the agreement is excellent, as indicated by

relative errors of E{d,e} ¼ 3%, 3.77%, and 2.98%, for Bell Profiles

I, II and III, respectively.
5.3 Generation of sawtooth-shaped profiles

In this section, a CGG device is introduced to generate a sawtooth-

shaped profile, which can be used, for example, for concurrent

multiplex analysis or study of cell behavior subject to abrupt

gradients. Consider N periodic constituent linear profiles lined up

along the channel width, such that the ith linear profile spans the

transverse interval given by (i� 1)/N # h # i/N (i¼ 1,2,.,N). The

overall profile can be mathematically represented by
Fig. 6 Comparison of the prescribed, design, and experimental results of the

a3, b3}(I) ¼ {0.5, �1.8, 1.1, �1.8, 1.7, �1.8}, and (b) {a1, b1, a2, b2, a3, b3}(II)
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c ¼ ai + bih , (i � 1)/N # h # i/N (9)

where ai and bi are constants, respectively determining the

intercept (across the coordinate of normalized concentration)

and slope of the constituent linear profiles.

We specifically focus on the case of three constituent linear

profiles (N ¼ 3). The CGG device consists of three Y-mixers,

each generating one linear profile as shown in Fig. 1c. In order to

produce a sharp sawtooth shape, the detection spot is chosen at

400 mm downstream from the J-shaped junction that combines

the Y-mixers. To demonstrate the feasibility of manipulating

inlet concentrations to adjust concentration gradients, the device

dimensions and flow rates are fixed in this example and the

sample concentrations at the inlets are treated as design vari-

ables.

Given the device dimensions in Fig. 1c and a flow rate of 5 ml/

min at each inlet, the iterative design procedure determines that

inlet sample concentrations of {c1, c2, c3, c4, c5, c6}(I) ¼ {0.408, 0,

0.408, 0, 0.408, 0} are required to generate a sawtooth-shaped

profile with {a1, b1, a2, b2, a3, b3}(I) ¼ {0.5, �1.8, 1.1, �1.8, 1.7,

�1.8} (Sawtooth Profile I). The constraints c1 ¼ c3 ¼ c5 and c2 ¼
c4 ¼ c6 embedded in the concentration choices ensure the same

slope and peak values of the three constituent linear profiles.

Similarly, to achieve a sawtooth profile depicted by {a1, b1, a2, b2,

a3, b3}(II) ¼ {1.3, �4.8, 1.1, �1.8, 0.57, �0.6} (Sawtooth Profile

II), inlet concentrations of {c1, c2, c3, c4, c5, c6}(II) ¼ {1, 0, 0.408,

0, 0.136, 0} are needed. The constraints of the inlet concentra-

tions c1 > c3 > c5 and c1- c2 > c3- c4 > c5- c6 render the peak values

and slopes of the constituent linear profiles to decrease contin-

ually from the left to the right.

Similar to the single linear profile case, the concentration

profiles from the design and experiments agree well with the

prescribed ones in the central section of each constituent linear

profile (2/15 # h # 3/15, 7/15 # h # 8/15, and 12/15 # h # 13/15

in Fig. 6). The total discrepancies summed over the three central

portions are quantitated, for Sawtooth Profiles I and II, by

E{d,p}
(I) ¼ 2.1%, E{d,p}

(II) ¼ 0.8%, E{e,p}
(I) ¼ 7.2%, and E{e,p}

(II) ¼
10%. In addition to errors at the sidewalls, appreciable discrep-

ancies are also observed at the interface between constituent

linear profiles. This can be attributed to the inter-stream

diffusion, which slightly smears out the linear gradient.

The experimental profiles are also compared to those obtained

from iterative design for model verification. An agreement with

relative errors of E{d,e}
(I)¼ 7.1% (Sawtooth Profile I) and E{d,e}

(II)
sawtooth-shaped concentration profiles represented by (a) {a1, b1, a2, b2,

¼ {1.3, �4.8, 1.1, �1.8, 0.57, �0.6}.
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Fig. 7 A CGG device to produce a double bell-shaped concentration profile: (a) device layout and dimensions; and (b) comparison of the prescribed,

design, and experimental results of the double bell-shaped concentration profiles, represented by {a, b, d} ¼ {8, 0.2, 0.4}.
¼ 9.4% (Sawtooth Profile II) is observed over the entire channel

width. Note again that since our models are able to describe the

diffusion behavior accurately at the stream interfaces between

the constituent linear profiles and at the sidewalls, the compar-

ison is examined over the entire width. The most significant

discrepancy occurs at the stream interfaces, where the concen-

tration changes drastically, and can be attributed to the lateral

profile shift arising from experimental errors in the actual flow

control.

5.4 Double bell-shaped profiles

Our partial mixing-based CGG device is also capable of gener-

ating double bell-shaped concentration profile, which consists of

two constituent bell-shaped profiles with partial overlap at the

center and is similar to parabolic profiles generated with

complete-mixing networks.11 The profile is represented by

c(h) ¼ ½[erf(a(h � b)) � erf(a(h � d))]

+ ½[erf(a(1 � h � b)) � erf(a(1 � h � d))] (10)

This profile can be generated by a CGG network consisting of

two c-shaped mixers juxtaposed side by side as shown in Fig. 7a.

The channel dimensions are held unchanged during the design

process, while the inlet flow rates and inlet concentrations are

both treated as design variables. The profile is detected at 400 mm

downstream from the Y-junction where two branch c mixers

meet. Given a prescribed profile expressed by {a, b, d} ¼ {8, 0.2,

0.4}, the iterative design process yields the proper flow rates and

concentrations: {q1, q2, q3, q4, q5, q6} ¼ {3.93, 4.78, 2.02, 2.02,

4.78, 3.93} ml/min and {c1, c2, c3, c4, c5, c6} ¼ {0, 0.84, 0.11, 0.11,

0.84, 0}.

The concentration profiles resulting from the design and

experiments agree with the prescribed profile over the entire

channel width (Fig. 7b), yielding relative errors of E{d,p} ¼ 2.0 %

and E{e,p} ¼ 6.7%. It is noted that as a result of supplying non-

zero sample concentration in inlets 3 and 4, the two single bell

shapes partially overlap in the central region, leading to the

asymmetry of each individual bell profile. Although not shown

here, it is conceivable that the slopes, widths, and position of the

constituent bell shape can be manipulated using flow rates, flow

ratio, and inlet concentration in a similar manner as the single

bell-shaped case. For example, we can apply higher flow rates in
This journal is ª The Royal Society of Chemistry 2009
the two side inlets (inlets 1 and 6) and lower flow rates in the two

central inlets (inlets 3 and 4), i.e., varying the flow ratio, to shift

the peaks of the two constituent bell shapes closer to each other.

The concentration profiles selected from model-based design

are also compared against the experimental results for model

verification. Good agreement is found over the entire channel

width, with a relative error of E{d,e} ¼ 7%. In addition to flow

disturbances as discussed above, the issue of pump mismatch

also contributes to experimental error in this case. Here, due to

the unavailability of three identical syringe pumps, pumps of

different models (characterized by different technical specifica-

tions and accuracy levels) were used for double-shaped profile

generation. Specifically, the syringe pump used to inject samples

to inlets 3 and 4 was different from the other two, which led to

larger discrepancies in the central region of the profile, as seen in

Fig. 7b.
6. Conclusion

A novel method of generating complex concentration profiles has

been presented, which utilizes partial diffusive mixing in multi-

stream laminar flow in microfluidic networks. The underlying

principle is to combine simple constituent concentration profiles

to construct composite profiles with a higher level of complexity.

To assist the device design, an iterative algorithm has been

developed to integrate previous CGG models as a simulation

engine. The iterative process not only captures the overall effects

of device geometry, sample properties, and operating protocols

on sample transport, but also allows identification of the optimal

design parameters. Hence, it enables rapid, effective, and reliable

virtual prototyping of CGG for lab-on-a-chip applications.

The iterative design approach is then exploited to devise

practically relevant CGG networks that are able to generate user-

prescribed concentration profiles. CGG microchips are fabri-

cated using soft lithography and experimentally characterized

using the parameters selected from design process. The experi-

mental results successfully demonstrate the generation of

a variety of concentration profiles via partial mixing and provide

several key insights:

1. The qualitative shape of concentration profiles is dictated by

the CGG topology. Specifically, simple linear and bell-shaped

profiles are obtained from Y- or c-shaped mixers, respectively.
Lab Chip, 2009, 9, 1439–1448 | 1447



Microfluidic networks that laterally line up multiple Y- or

c-shaped mixers are capable of producing sawtooth- or double/

multiple bell-shaped concentration profiles.

2. The details in the concentration profile can be tuned with

geometrical and operating parameters. For example, small flow

rates (or equivalently, long microchannels) promote sample

diffusive mixing; leading to mild, smooth gradients as shown in

Fig. 5. Control of flow ratios is effective in terms of modulating

the width of certain portions of the profile (Fig. 5b). In addition,

given fixed CGG network dimensions, sample concentrations at

the reservoirs serve as a practical means for gradient modulation

as shown in Fig. 6.

3. Profiles from design and experiments in general show good

agreement with the prescribed ones, while appreciable discrep-

ancies caused by the profile bending at the sidewalls and interface

region have been observed for the linear and sawtooth cases due

to the impermeability conditions therein. Note that such effects

are also typically present in complete mixing-based gradient

generation approaches14 with the exception of heavily stacked

networks containing a large number of branches,11 which

unfortunately occupy large footprint and are prone to leakage

and clogging.

4. Excellent agreement between the experimental data and

design profile has been observed in all cases with relative errors

less than 10%, which substantiates the accuracy of our previously

developed CGG models.
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