
Introduction

Fluid flow in microfluidic devices is becoming more and
more common, driven by the miniaturization of many
technologies (Ouellette 2003; Thorsen et al. 2002; Ceriotti
et al. 2003; Chow 2002; Hasselbrink et al. 2002). With the
continued emergence of nano-materials, and nanoliter
volume processing, the development of microfluidic
devices for the characterization of process induced
material properties appears to be a natural blending of
two important technologies. Such devices would afford a
number of advantages over conventional methods,
including greater speed, replacement of multiple manual
steps, conservation of expensive and/or limited quantity
reagents and chemicals, access to a wider array of detec-
tionmethods, and reduced human error.We seek to apply
microfluidics technology to the measurement of material
properties, specifically, to develop a microfluidic device

for liquid state materials characterization. A variety of
applications for such a platform can be anticipated
ranging from such traditional areas as interfacial
dynamics, viscosity measurement, molecular stretching
and crystallization, to newer areas such as dispersion/
aggregation of nanoparticle fillers, and flow induced
changes in biological cells.

The ideal types of flow for the characterization of
fluids are linear flows which are described by the stream
function, w, and corresponding velocity vector, v

w ¼ 1

2
n/x2 � /y2
� �

; ð1Þ

v ¼ /y; n/xð Þ: ð2Þ

The nature of these kinematics are characterized by
the constants n and u . The quantity n is the flow type,
and indicates the nature of the deformation experience
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by the fluid; the flow is extensional for n=1, shear for
n=0, and pure rigid body rotation for n =)1. The
quantity / is the flow strength, and indicates the mag-
nitude of the velocity gradient relative to the flow type.
In simple shear, it is equivalent to the shear rate. In
classifying flows (Astarita 1979; Thompson and Mendes
2004), the flow type is often thought of as the primary
criterion because fluid response changes in fundamental
way as this quantity varies. The flow strength constitutes
a second type of flow classification criterion because
many fluids experience a critical response after threshold
value of flow strength is reached [e.g., chain extension in
dilute polymer solutions (De Gennes 1974); drop
breakup in emulsions (Taylor 1934)]. Thus, the ability to
control flow type, and achieve adequate flow strength
are extremely important goals in developing a flow
device for liquid state materials characterization.

Linear flows have the desirable property that the
velocity gradient tensor is homogeneous (constant
throughout the flow) and the flow type is uniform,
making measurement of flow properties as a function of
deformation type and deformation rate unambiguous.
Another important property of linear flows is that they
contain a stagnation point at the origin, x ¼ 0; 0ð Þ: The
stagnation point serves a number of useful purposes in
the present context. First, the material residence time in
the neighborhood of the stagnation point is high, giving
the material adequate time to respond to the applied
deformation. Residence time is in effect, a third type of
flow classification criterion (Astarita 1979). In addition,
the long residence time also provides a stable environ-
ment for material observation and measurement, and it
allows one to ignore the inhomogeneities present in a
complex flow, provided that the stagnation region is
reasonably broad, and the flow gradients are suitably
uniform.

A number of devices that approximate particular
modes of linear flows at the macroscale are available.
Devices used mainly for extensional or mixed exten-
sional/shear flow include the four roll mill (Bentley and
Leal 1986a, b; Fuller and Leal 1981; Taylor 1934), two
roll mill (Frank and Mackley 1976; Hills 2002; Lee et al.
2002; Price et al. 2003; Remmelgas and Leal 2000; Reyes
and Geffroy 2000a, 2000b; Singh and Leal 1996), six roll
mill (Berry and Mackley 1977), and cross-slot geometry
(Chow et al. 1988; Keller and Odell 1985). Viscometric
devices such as the cone and plate, parallel plate and
Couette flow geometries (Bird et al. 1982) produce simple
shear. However, none of these avail themselves particu-
larly to our present investigation in the sense that in the
context microfluidics, it is desirable to have a single device
which produces the full range of kinematics available in
linear flows, which none of them is able to do. The device
that comes closest to the desired functionality is the four-
roll mill. While this is primarily thought of as a device for
producing planar extension (n = 1.0), it can also be used

to provide mixed flows in the range 0.2 < n < 1 (Bentley
and Leal 1986a, b), and rotational flows where n = )1
(Higdon 1993). However, the four roll geometry is inad-
equate for generating simple shear (n=0), and difficulties
can be anticipated in trying to produce and control a
miniature device with moving parts. This leads us to seek
a solution based on channel flow.

In this study, a pressure driven device using micro-
channels is sought that has an adjustable flow type,
approximating the function of the four-roll mill. In
particular, we investigate classes of channel flows in
which the full range of linear flows can be approximated
in the neighborhood surrounding a stagnation point. To
evaluate various candidate geometries, finite element
flow simulations in the zero Reynolds number limit were
undertaken. The FEM solutions were analyzed using
classification criteria to determine combinations of
geometry and boundary conditions for which the flow
type can be adjusted between simple shear and extension
in the neighborhood surrounding the stagnation point,
while at the same time providing adequate flow strength.

Two classes of flow geometries are identified. Both
make use of opposing, laterally offset fluid streams, which
produce a stagnation point. The use of opposing streams
enables the generation of a stagnation point. While this is
normally a means to generate pure extension, the lateral
offset which is also employed introduces vorticity at the
stagnation point, enabling the generation of shear and
even rotation. In the first geometry class, the flow type can
be manipulated by changing parameters inherent to the
base geometry. This first case serves as a baseline for
identifying a second class of geometries in which the flow
type can be manipulated by varying the pressure bound-
ary conditions while keeping the geometry constant. This
latter case is probably themore useful not only in terms of
construction, but for linking the device with a computer
control system for placement and manipulation of a
second phase at the stagnation point.

Modeling

Flow simulation

To evaluate various candidate geometries, flow gener-
ated in these devices was simulated using the finite
element method. All flows were assumed to be steady,
two-dimensional and at the zero Reynolds number limit.
Modeling was carried out using the commercial finite
element packages1 FIDAP (2003a) and FlexPDE
(2003b).

1 Identification of a commercial product is made only to facilitate
reproducibility and to adequately describe procedure. In no case
does it imply endorsement by NIST or imply that it is necessarily
the best product for the procedure
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The governing equations solved by FIDAP are the
Navier-Stokes equations together with the incompress-
ible condition

qv � rv ¼ �rp þ gr2v; ð3Þ

r � v ¼ 0: ð4Þ

FlexPDE makes use of the alternative incompressible
formulation

r2p ¼ �r � r � qvvð Þ þ bðr � vÞ; ð5Þ

where b is a large value chosen such that r � v is suffi-
ciently minimized.

Flow classification in non-homogeneous flows

The uniform nature of linear flows makes measurement
of flow properties as a function of deformation rate
unambiguous. However, in the types of channel geom-
etries inherent to microfluidic devices, linear flows are
not perfectly achievable and we seek to approximate
linear flows in the neighborhood of a stagnation point to
achieve the desired flow kinematics. Therefore, general-
ized flow classification criteria for discerning the flow
type as a function of position in non-homogeneous flows
are a useful tool for determining the utility of various
complex flow fields for producing a correct flow type in a
region surrounding a stagnation point.

A suitable objective criterion for classifying the flow
type in complex flows has been developed by Astarita
(1979). The type of a flow may be determined by com-
puting the non-dimensional number

N ¼
D : Dþ W : W

D : D� W : W
; ð6Þ

where D is the stretching tensor given by

D ¼ 1

2
rvþrvT
� �

; ð7Þ

and W is the a tensor defined as

W ¼ x� X; ð8Þ

where

x ¼ 1

2
rv�rvT
� �

; ð9Þ

X ¼
dE

dt
� E�1: ð10Þ

In the definition of W , x is the vorticity tensor, E is the
matrix of right eigenvectors of D, and the tensor x
describes the rate of rotation of the principal axes of D.
The tensor W is therefore the difference between the rate

of rotation of a fluid element and the rate of rotation of
the principal axes of stretch. Like the constant n in linear
flows, the variable N has a value equal to 1 in purely
extensional flows, 0 in shear flows, and )1 in a pure rigid
body rotation. Values between 1 and 0 indicate a mixture
of extension and shear, and values between 0 and )1
indicate mixed shear and rotation. If the linear flow
kinematics given by Eq. 2 are used in Eq. 6, one finds that
N and the linear flow type n are simply related by the

expression, N¼2n
�

n2 þ 1
� �

; with the inverse relationship

being n¼N
.

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� N2
p� �

; over the bounds �16N61
For steady 2-D flows, the stretching and vorticity

tensors can be generalized as

D ¼ e c
c �e

� �
; ð11Þ

x ¼ 0 x
�x 0

� �
; ð12Þ

and X and W take on the anti-symmetric forms

X ¼ 0 X
�X 0

� �
; ð13Þ

W ¼ 0 W
�W 0

� �
; ð14Þ

where W ¼ x� X and

X ¼
c u @e

@xþ v @e
@y

� �
� e u @c

@xþ v @c@y

� �

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2 þ c2

p : ð15Þ

In this case, N is given by the expression

N ¼ e2 þ c2 � W 2

e2 þ c2 þ W 2
: ð16Þ

Eq. 16 was used in this study to classify the flow type of
the kinematics computed from FEM simulation. In
FIDAP, the value of N was evaluated by means of a user
defined FORTRAN subroutine, while in FlexPDE, it
was evaluated using the scripting language inherent to
the package.

For classifying flow strength, there are a number of
possible criteria, based upon what one seeks to measure.
A persistent strain rate as derived from the flow classi-
fication scheme given in Astarita (1979) is

ep ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2 þ c2 � W 2

p
: ð17Þ

This rate is based on the difference between the
stretch rate of material element and the rate of rotation
with respect to the principal axes of the material ele-
ment, and is useful for determining whether a flow is
‘‘weak’’ or ‘‘strong’’, e.g., (Astarita 1979; Chella and
Ottino 1985; Huilgol 1980; Tanner 1976). One problem
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with this criterion is that it becomes imaginary in regions
of the flow where ) 1 < N < 0. In addition, in the
present case we are more interested in simply comparing
the relative magnitude of the deformation at different
points in the flow as a smeans for discriminating between
various combinations of geometry and boundary con-
ditions, rather than determining whether a flow is
‘‘weak’’ or ‘‘strong’’ in a material sense.

An objective measure, useful for comparing the rel-
ative strength of different flow fields is the maximum
eigenvalue of the stretching tensor given by

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2 þ c2

p
; ð18Þ

which is equivalent to
ffiffiffiffiffiffiffiffiffiffiffiffi
1
2 trD2

q
or 1þ nð Þ/ in terms of

the linear flow kinematics given in Eq. 2. Based on this,
a relative flow strength can be defined as

Sr ¼
k

kref
; ð19Þ

where k ref is the flow strength at some reference point in
the flow field. In what follows, we classify the flow
strength in different flow fields using Eq. 19. The refer-
ence flow strength is usually taken to be an average flow
strength at the inlet or outlet of a channel geometry.
This enables comparison of the strength of deformation
in the stagnation region with the deformation in the
pressure driven channels that drive the flow.

Geometry class 1: manipulation of flow type using
geometric asymmetry

In determining the parameters of a flow device that could
be used to generate a range of approximately linear flows
in the region surrounding a stagnation point, it was rec-
ognized that creating a flow with a stagnation point re-
quires the use of opposing fluid streams. While this is
generally a means to produce extensional flow, as dis-
cussed above, by creating lateral offset, or asymmetry,
between the opposing streams, vorticity is generated
allowing shear and even rotation to be produced as well.
We make use of this principle in our investigation. In this
section, we consider first the case of an asymmetric cross
cell (Fig. 1), which illustrates the principle of lateral offset
for producing vorticity. A second geometry based on
parallel, laterally offset fluid streams is then introduced
(Fig. 5). This geometry displays all the flow type features
of the asymmetric cross cell, but has much better all
around flow properties.

Asymmetric cross flow cell

The geometry under consideration is shown in Fig. 1. It
consists of a cross flow channel, parameterized by an
offset distance, doff

Flow enters the system through the vertical channels,
and exits through the horizontal. A constant, positive
pressure boundary condition is imposed on the entrances,
and a pressure of zero is imposed on the outlet streams.
The geometric parameters and boundary conditions used
in the calculations are summarized in Table 1.

Streamlines in the stagnation flow region for offset
distances of 0, 1.3, 1.5 and 2, are shown in Figures 2a-d.
Fig. 2a shows the well known result of approximate
planar extension for an offset distance of zero. However,
the accompanying plots show that as the offset distance
increases, the incoming streams undergo an increasingly
asymmetric split, causing the material to tend to exit out
of one side or the other. The resulting flow fields become
increasingly shear like, and finally fully rotational, as
illustrated in Fig. 2b-d.

Plots of flow type and relative flow strength at the
stagnation point, as a function of doff are shown in Fig-
ures 3–4. The value for relative flow strength is defined

Fig. 1 Geometry, parameters and boundary condition for the
asymmetric cross flow cell

Table 1 Geometry parameters and boundary conditions used for
the asymmetric cross flow cell

Channel
width (H)

Channel
length (L)

Inlet
pressure (Pin)

Outlet
pressure (Pout)

1 7 1 0
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Fig. 2 Streamlines in the stag-
nation region for the asymmet-
ric cross flow cell for different
offset distances. a Extensional
behavior for doff=0 b Increased
shear like behavior for doff=1.3
c A shear flow type of approx-
imately zero for doff=1.5 d Full
rotational flow for doff=2
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Fig. 3 Flow type (N) as a function of offset distance for the
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with respect to the integral average flow strength at the
inlet. The flow type plot confirms the qualitative obser-
vation noted in the streamline contours. The flow type is
basically unity for an offset distance of zero. This value
gradually decreases as the offset increases, passing
through zero (shear) at approximately doff=1.5, and is
very close to )1 (pure rotation) at the maximum calcu-
lated value of doff=2.

The relative flow strength decreases as the offset
increases, from a value of approximately 2.2 for the
extensional flow case, to near zero for the case of pure
rotation. The shear value is approximately 0.3, indicating
that the deformation remains a fairly generous portion of
the average inlet flow strength for this case. Exact values
for flow type and relative flow strength at the stagnation
point for these respective cases are listed in Table 2.

Parallel, laterally offset channels

The results for the asymmetric cross flow illustrate the
principle of using asymmetry to generate shear and
rotational type flows at a stagnation point. The geom-
etry of parallel, laterally offset channels, which also
makes use of this principle, is shown in Fig. 5. Fluid
enters from a channel on each side whose width is h, and
impinges in the central region creating a stagnation
point in the center. The fluid exits through channels of
width H, that are aligned parallel with the incoming
streams. The inlet and outlet streams are separated by a

spacer fin of width hfin. The tips of the separating fins are
offset by a distance d. The nature of the geometry gives
rise to a natural asymmetry between the impinging
streams. Geometric parameters and boundary condi-
tions used in the calculations are given in Table 3.

Simulation shows that the flow type observed in the
stagnation region of this geometry is mainly controlled
by changing the offset distance between the fin tips. This
is illustrated in the streamline contours shown in
Fig. 6a-c.When the offset is slightly negative (i.e., over-
lapping), a recirculation forms and the flow type is
rotational (Fig. 6a). When the offset is large, the inlet
stream splits: part of it continues straight and the other
part bends around the spacer plate and exits with the
outlet stream associated with the opposing inlet stream
(Fig. 6c). This ‘‘splitting’’ creates an extensional flow in
the stagnation region. Shear flow is observed as the
natural intermediary between extension and rotation
(Fig. 6b). The aspect ratio H/h also plays a role in the
flow type, but this effect is slight.

Plots of flow type and relative flow strength at the
stagnation point, as a function of d are shown in Figs. 7
and 8, for an aspect ratio of H/h=2.0. The flow strength
is defined relative to the integral average flow strength at
the outlet. In accordance with our qualitative under-
standing of the flow deduced from the streamlines, the
flow type is approximately )1 for an offset distance of
slightly less than zero, and gradually increases, passing
through zero (shear) at a value of d=0.4, and is very
close to unity (0.995) at the maximum value of d=3.5.
The relative flow strength shown in Fig. 8 passes

Table 2 Values for flow type and flow strength at the stagnation
point for the asymmetric cross flow cell at offset distances mostly
closely corresponding to the cases of extension, shear and rotation

Case Offset
distance (doff)

Flow type Relative
flow strength

Extension 0 0.9995 2.35
Shear 1.5 )0.0141 0.25
Rotation 2 )0.9075 0.024

Fig. 5 Geometry, parameters
and boundary condition for the
parallel, laterally offset channel
geometry

Table 3 Geometry parameters and boundary conditions used for
the parallel, laterally offset, channels

Inlet
width (h)

Outlet
width (H)

Fin
width
(Hfin)

Channel
length (L)

Inlet
pressure
(Pin)

Outlet
pressure
(Pout)

1 2 0.05 5 1 0
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through a maximum. It is very low when the offset is
small and the stagnation flow kinematics are rotational.
It increases with the offset distance through the shear
region, but eventually drops off again as the flow type
increases toward a value of unity. The shear and
extensional flow strength values are approximately 0.4
and 0.45, respectively. Tabulated values for flow type
and relative flow strength at the stagnation point for
these respective cases are listed in Table 4.

What is nearly as important as the exact value of the
flow type at the stagnation point is the relative unifor-
mity of the flow type in the stagnation region. Contour
plots of the flow type for offset distances corresponding
to the extensional and shear cases are shown in Fig. 9a-
b. The flow type in the stagnation region is quite large
and uniform for the extensional flow case. All values are
within 10% of the case of pure extension over a region
whose diameter is approximately equal to the vertical
separation between fins in Fig. 9a.

The shear case depicted by the streamlines in Fig. 6b
and the flow type in Fig. 9b is characterized by a highly

elongated vortex. This is somewhat representative of the
shear flow results found throughout. Shear appears as
an intermediate state between extension and rotation. In
general, the bulk of the center region has streamlines
that are approximately parallel and a flow type that is
near zero. However, there is a very small degree of
rotation at the very tips of the vortex where the flow type
is slightly negative. Thus, shear flows are an obtainable
class of flows, but the radius of this zone is slightly
smaller than it is for the case of extension. The degree to
which the shear zone radius is reduced is somewhat
geometry dependant. An important determining factor
in this is the value of the flow type at the rotational tips.
In the present case it is approximately )0.4.

Geometry class 2: manipulation of flow type via
boundary condition

In the previous section, a class of flow geometries was
introduced that enabled the approximation of a full

Fig. 6 Streamlines in the stag-
nation region for the parallel,
laterally offset, channel geome-
try at different offset distances.
a Rotational flow for over
lapping fins. b Shear flow as an
intermediate state at increased
offset distance. c Extensional
flow at high fin offset distances
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range of linear flows in the neighborhood surrounding a
stagnation point. However, the manipulation of the flow
type is realized by changing the geometry. In practice, a
more desirable platform is one in which the geometry is

kept constant, and the flow type is manipulated through
the boundary conditions that are applied as is done, for
example, in the four roll mill. Such a device would be
much easier to construct and control experimentally.

With this goal in mind, a second geometry class is
introduced which represents a modification of the par-
allel, laterally offset channel geometry. The geometry
together with boundary conditions are depicted in
Fig. 10. For ease of reference, we shall sometimes refer
to this as the ‘‘St. Brigid’s Cross’’ geometry. The figure
shows that two extra flow channels of width H2 have
been added to supply the stagnation region, in a direc-
tion normal to the existing channels. The arms are
asymmetrically offset from the center of the channel on
the top and bottom of the geometry by distances of
±H2/ 2, respectively. These additional arms can be used
as either inlet or outlet streams. Their purpose is to at-
tempt to manipulate the flow type in the stagnation re-
gion by means of the pressure boundary conditions at
their ends. It will be shown that the additional flow arms
allow control of the kinematics in the stagnation regio-
nin much the same way as changing the geometry did in
the previous cases studied.

The flow characteristics in this geometry were studied
as a function of the three different boundary pressures,
Pin, P1, and P2. The pressure Pin represents a pressure
that remained fixed during a simulation, while the values
of P1 and P2 represent pressures that were allowed to
vary. The flow type at the stagnation point in this
geometry turns out to be solely a function of the ratio
Prat ¼ DP1=DP2, where DP1 ¼ Pin � P1, DP2 ¼ Pin � P2.
By specifying values for Pin, Prat and Pmag ¼ DP2, values
for P1, and P2 were set as

P1 ¼ Pin � Pmag � Prat; ð20Þ

P2 ¼ Pin � Pmag: ð21Þ

The relevant geometric and boundary condition
parameters used in the simulations to be presented are
listed in Table 5.

Plots of flow type and relative flow strength at the
stagnation point as a function of Prat are shown in
Fig. 11 and 12. Figure 11 shows that when the pressure
ratio is highly negative the flow is rotational. As this
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Table 4 Values for flow type and flow strength at the stagnation
point for the parallel, laterally offset, channels at offset distances
mostly closely corresponding to the cases of extension, shear and
rotation

Case Offset
distance (d)

Flow
type

Relative
flow strength

Extension 3.2 0.996 0.452
Shear 0.5 )0.004 0.414
Rotation )0.14 )0.989 0.01
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value decreases, the amount of rotation is continually
reduced and the extensional flow type value of unity is
reached at a pressure ratio of approximately )1. The
streamlines for this case are depicted in Fig. 13a. As the
pressure ratio further increases and becomes positive, a
shear flow type of zero at the stagnation point is even-
tually realized for a pressure ratio value of approximately
2. The streamlines for this case are shown in Fig. 13b.

The relative flow strength depicted in Fig. 12 is taken
relative to the average flow strength at the inlet of the
flow. The plot shows that the flow strength continually
rises (almost linearly) with increase in the pressure ratio.
Thus, this value is higher for the case of shear than it is
for extension. These values are given in Table 6. Both
the extensional value of 0.23 and the shear value of 0.6,
are in the acceptable range, but geometry optimization
may allow better results to be achieved.

Flow type contour maps for the respective cases of
extension and shear are shown in Figs. 14a-b. Overall,
the results are somewhat comparable to the case of the
laterally offset jets without the transverse flow channels.
Because the fin positions are fixed in this model, and
were chosen to be more favorable to shear, the flow type
contours for the case of extension (Fig. 14a) have a
slightly different shape than previously seen. Neverthe-
less, the extensional region is quite large and uniform.
The shear region is also acceptably uniform, and in fact,
shows better characteristics than for the original case
without the transverse flow arms.

The results presented here, thus far, have considered
the system to be 2-D in nature. To evaluate the effect of
the no-slip condition present on the walls in the
third-direction on the desired flow kinematics in the
stagnation region, 3-D flow simulation for varying val-
ues of the third-direction thickness (W) were under-
taken. These results are shown in Fig. 15, which plots
flow type versus Prat along the half-plane of the device,
for various values of the aspect ratio, A=W/H1. The
corresponding 2-D case is also plotted. The figure shows
that when the aspect ratio is small. e.g., A=0.5, the flow
type deviates sharply from the 2-D case, with the ten-
dency being that the flow is much more extensional in
nature, and the ability to generate shear and rotational
type flows are vastly decreased (Hudson et al. 2004).
However, as the aspect ratio increases, the curve

Fig. 9 Flow type (N) contours
in the stagnation region for the
parallel, laterally offset, channel
geometry for the cases of a
extension, and b shear

Fig. 10 Geometry, parameters and boundary condition for the
parallel, laterally offset, channel geometry, with side channels (‘‘St.
Brigid’s Cross’’ geometry)
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gradually converges to the 2-D result, and the 2-D and
3-D results are virtually identical by about an aspect
ratio of 3.

Discussion

In developing a microfluidic device for liquid state
materials characterization, the basic need is to have a
suitable flow geometry for deforming the fluid in a
controlled manner. Ideally, such a geometry would be
able to supply a full range of linear flows in which the
velocity gradient tensor is constant and the flow type is
uniform. Since in practice, linear flows are not perfectly
achievable, we have sought to investigate classes of
channel flows in which the full range of linear flows can
be approximated in the neighborhood surrounding a
stagnation point. The long fluid residence time sur-
rounding a stagnation flow region provides a stable
environment for material observation and measurement,
and allows us to ignore the inhomogeneities present in
complex flows, provided that the stagnation region flow
gradients can be made suitably uniform.

Using a combination of finite element simulation and
flow classification theory, two classes of flow geometries
that fit the above criteria have been discovered. The first
geometry class is based on the concept of laterally offset,
opposing fluid streams. Two cases were shown based on
this concept, and both were able to produce the full
range of linear flow kinematics at the stagnation point,
with varying, but in all cases acceptable degrees of flow
strength. The results for the laterally offset channels also
show that the biggest challenge in these types of flows is
producing an acceptable shear field. In both the first and
second geometry classes that were investigated here,
shear is produced as an intermediate state in a transition
from full extension to full rotation. Thus, the shear field
is part of a highly elongated, almost degenerate, vortex
structure, in which rotation is concentrated at the tips
the vortex. The intermediate parts of the field have
parallel streamlines, and a flow type very close to the
desired value of zero. The key here is to minimize the
effect of the rotational tips by optimizing the geometry
so that the degree of rotation is weak, and to elongate
the structure as much as possible to lower the flow type
gradients.

Table 5 Geometry parameters and boundary conditions used for the parallel, laterally offset, channel geometry, with side channels (‘‘St.
Brigid’s Cross’’ geometry)

Inlet
width (Hin)

Inlet/outlet
width 1 (H1)

Inlet/outlet
width 2 (H2)

Fin width
(Hfin)

Channel
length (L)

Offset
distance

Pressure
magnitude
(Pmag)

Inlet
pressure (Pin)

2 1 2 0.05 5 0.5 1.0 0
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Fig. 11 Flow type (N) as a function of the pressure ratio for the
parallel, laterally offset, channel geometry, with side channels (‘‘St.
Brigid’s Cross’’ geometry). The circled points represent the cases of
extensional and shear flow, respectively
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Fig. 12 Relative flow strength (Sr) as a function of the pressure
ratio for the parallel, laterally offset, channel geometry, with side
channels (‘‘St. Brigid’s Cross’’ geometry). The circled points
represent the cases of extensional and shear flow, respectively
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This first class of geometries illustrates that the full
range of the desired flow kinematics can be produced.
However, they are not ideal as a microfluidics platform
since they require the geometry to change to produce
different flow fields. Nevertheless, they might find
application in one of two ways. First, a cell could be
constructed with a number of discrete geometries on it,
each of which corresponds to specific desired kinematics.
Such a device could operate with either a gating system
that controlled which geometry was fed, or by feeding
all of them simultaneously while performing the

corresponding measurements. A second possibility
would have to be based on some limited geometric
movement in the flow device. This creates a more diffi-
cult implementation problem, but it is certainly not ex-
cluded. For example, the asymmetric cross cell could be
constructed from two halves which slide one over the
other in a limited way to produce the desired offset. The
parallel, laterally offset, channel geometry could be
employed with fins that slide to a limited degree,
allowing change of the offset distance between the fin
tips to change the kinematics.

The second class of flow geometries (St. Brigid’s
Cross) was derived based on the results of the first class.
It was reasoned that if the kinematics of laterally offset
fluid streams could be manipulated using geometric
changes, the same effect might be obtained by simply
adding additional fluid streams normal to the existing
flow directions and controlling the flow through the
boundary conditions applied to the inlets and outlets of
the flow. The results show that the additional transverse
streams do indeed allow control of the kinematics in the
stagnation region in much the same way as changing the

Table 6 Values for flow type and flow strength at the stagnation
point for the parallel, laterally offset, channel geometry, with side
channels (‘‘St. Brigid’s Cross’’ geometry), at offset distances mostly
closely corresponding to the cases of extension and shear

Case Pressure
ratio (Prat)

Pressure 1
(P1)

Pressure 2
(P2)

Flow
type

Relative
flow
strength

Extension )0.9 0.9 )1 0.9995 0.233
Shear 2.2 2.2 )1 )0.0044 0.596

Fig. 13 Streamlines in the stag-
nation region for the parallel,
laterally offset, channel geome-
try, with side channels (‘‘St.
Brigid’s Cross’’ geometry), for
the cases of a extension, and b
shear

Fig. 14 Flow type (N) contours
in the stagnation region for the
parallel, laterally offset, channel
geometry, with side channels
(‘‘St. Brigid’s Cross’’ geometry),
for the cases of a extension, and
b shear
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geometry did in the previous cases studied. The full
range of linear flow kinematics were produced at the
stagnation point, with an acceptable degree of flow
strength and uniformity. Since it is far easier to construct
a device in which the flow is controlled through the
boundary conditions applied to the input and output
streams (rather than by mechanical movement of the
flow geometry itself), this class of flow geometries is the
more useful of the two we have studied. We have taken a
limited look at the effect of 3-D flow in this geometry,
and found that provided the aspect ratio of thickness to
gap width is high enough, we can expect the 2-D flow
field to be produced.

There are a number of other items that will also need
to be examined in future work. The first is geometry
optimization. In the results presented, complete opti-
mization of the flow geometry parameters has not been
attempted for a number of reasons. First, our primary
goal in this initial study was to identify classes of
geometries together with boundary condition combina-
tions that allow us to achieve the basic goal of gener-
ating a full range of flow types. Second, such
optimization needs to involve feedback from experi-
mental work, that will allow us to discriminate between

scenarios that are theoretically perfect but impossible to
build, and results which are readily implemented.
However, preliminary results (available as supplemen-
tary material) show that such attempts at optimization
are bound to have beneficial results, and this is part of
our planned future work.

Another effect that is bound to be important is non-
Newtonian flow behavior when working with polymers
or suspensions. For example, different types of non-
Newtonian rheology (e.g., shear-thinning) might change
the characteristics of the way the flow transit from
extension to shear, or the conditions under which such a
transition occurs. Viscoelastic effects at high Weissen-
burg numbers might completely alter the flow field from
that observed for the Newtonian case (Groisman et al.
2003).

Summary and conclusions

In this study, the fluid dynamics of pressure driven flow
in microchannels was studied for designing of a micro-
fluidic, liquid state, materials characterization device.
Classes of channel flows in which a full range of linear
flows could be approximated in the neighborhood sur-
rounding a stagnation point were investigated by means
of finite element flow simulations, together with flow
classification criteria. Two classes of flow geometries
were identified in which the flow type can be adjusted
between shear and extension in the neighborhood sur-
rounding the stagnation point, while providing adequate
flow strength. A key feature, inherent to both is that they
make use of opposing, laterally offset fluid streams. The
opposing fluid streams are necessary to produce a stag-
nation point, and the lateral offset is necessary in order
to generate vorticity and produce mixed flows at the
stagnation point (including shear). In the first geometry
class, the flow type is manipulated by changing param-
eters inherent to the base geometry. This first case was
used as a baseline for identifying a second class in which
the flow type can be manipulated by varying the pressure
boundary conditions while keeping the geometry con-
stant. The latter case is the more useful both in terms of
ease of implementation and of experimental design and
control.

St. Brigid’s Cross Geometry (3-D Flow)
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Fig. 15 Flow type (N) in the half-plane versus. pressure ratio, as a
function of the 3-D aspect ratio for the parallel, laterally offset,
channel geometry, with side channels (‘‘St. Brigid’s Cross’’
geometry). The 2-D result is illustrated as well. The 3-D result
converges to the 2-D case at about an aspect ratio of 3. At low
aspect ratios, rotational and shear type flows are suppressed
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