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ABSTRACT: The conformation and dynamics of a single DNA molecule undergoing oscillatory pressure-
driven flow in microfluidic channels are studied using Brownian dynamics simulations, accounting for
hydrodynamic interactions between segments in the bulk and between the chain and the walls. Oscillatory
flow provides a scenario under which the polymers may remain in the channel for an indefinite amount
of time as they are stretched and migrate away from the channel walls. We show that by controlling the
chain length, flow rate, and oscillatory flow frequency we are able to manipulate the chain extension and
the chain migration from the channel walls. The chain stretch and the chain depletion layer thickness
near the wall are found to increase as the Weissenberg number increases and as the oscillatory frequency
decreases.

I. Introduction

Advances in photolithography and soft lithography
techniques1,2 have facilitated the design and develop-
ment of inexpensive microfluidic devices as biochemical
analysis tools.3-9 The microfluidic platform promises
high accuracy/throughput analysis of DNA molecules,
and novel microchannel geometries and designs have
been invented to achieve particular functionalities such
as chain stretching and separation.10-12 Currently, there
is a strong desire to understand how DNA molecules
and macromolecules in general interact with the mi-
crofluidic confinement, particularly where the confine-
ment dimensions are comparable to the chain radius of
gyration (Rg) and the chain contour length (L). More
broadly, understanding the conformations and dynamics
of macromolecules in a highly confined environment is
an interesting problem applicable in problems ranging
from the motion of cytoplasm to the mechanical proper-
ties of polymer thin films.

Several theoretical and simulation studies in the past
few decades have significantly advanced our under-
standing of the polymer physical properties in confined
environments.13-16 Advances in simulation methods
have permitted development of coarse-grained models
that capture a wide variety of physical characteristics
such as DNA diffusivity in bulk and in confinement.17-25

Recent Brownian dynamics simulations have examined
changes in DNA conformation in extensional flow as a
function of the extensional shear rate.24 The same simu-
lation method was applied to better understand the con-
formation of DNA molecules when the molecules are in
proximity of adsorbing surfaces.17 Jendrejack and co-
workers recently performed Brownian dynamics simu-
lations in free solution and in microchannels with a
square cross section. These simulations account for the
interparticle hydrodynamic interactions and perturba-
tions of the hydrodynamic interactions due to the pre-
sence of the confining walls.22,23,26 Comparison with ex-

perimental measurements of DNA diffusivity (D) showed
that hydrodynamic interactions are necessary to accur-
ately predict the chain diffusivity, confirming prior stu-
dies.21,27,28 The work of Jendrejack et al.26 also predicted
that the DNA molecules migrate away from the wall in
shear flow, leading to the formation of depletion layers
in the near wall region. This prediction has been
observed in recent experiments of dilute DNA solutions
undergoing pressure-driven flow in microchannels.29-31

A theoretical approach has recently been developed
to describe the behavior of flowing polymer solutions
near solid surface using a bead-spring dumbbell model
for the polymer molecules.32 Hydrodynamic interactions
between the chains and the wall lead to migration away
from the wall in a manner similar to that encountered
in suspensions of droplets.33-35 At steady state, the
hydrodynamic effect is balanced by diffusion, and with
some simplifying assumptions, an analytical expression
for the resulting concentration profile can be found. The
depletion layer thickness (Ld) is determined primarily
by the first normal stress difference of the flowing fluid,
which is governed by the degree of chain stretching in
the flow direction. In flow where the chain is strongly
stretched, Ld becomes much larger than the equilibrium
size of the polymer chain. For finitely extensible dumb-
bell models, the model predicts that Ld/Rg ∼ We2/3 for
We . 1, where Rg is the equilibrium radius of gyration
of the chain and We ) γ̆τrelax is the Weissenberg number.
Here γ̆ is the effective shear rate and τrelax is the longest
relaxation time. The model also predicts that the chain
density profile reaches steady state over a time scale
Ld

2/D.
One of the consequences of chain migration is that in

pressure-driven flow chain molecules travel faster than
the average fluid velocity. This is due to chain molecules
migrating toward the center region of the channel where
the velocity is the highest. A significant obstacle in
directly comparing simulations and experiments in
microfluidic channels is the difficulty in attaining fully
developed concentration profile of chain molecules at* Corresponding author: E-mail: yenglong@cae.wisc.edu.
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high shear rates. In a microfluidic channels of height
(H) on the order of 100 µm, the average flow velocity
may be as fast as 1 m/s for aqueous flow with Reynolds
number Re ∼ 1! Typical microfluidic flows are several
orders of magnitude slower with Re , 1, and the flow
residence time in the microchannel (for performing
biochemical analysis or other experiments) ranges from
a few seconds to a few minutes. In contrast, the time
required for the chain molecule concentration profile to
fully develop scales as Ld

2/D. For lambda phase DNA
(λ-DNA) in water and D ≈ 0.4 µm2/s,36 the molecule
diffuses a distance of O(10) µm in O(102) s. In order for
the chain concentration profile to fully develop, the
chain molecules need to diffuse for a much longer time
than the typical residence time. To resolve this problem,
we propose the use of oscillatory flow in microfluidic
devices. Oscillatory flow will allow the molecules to
remain in the channel as long as needed in order for
the chain density profile in the channel to attain steady
state. At the same time, the flow oscillatory frequency
may also be used to control the chain deformation and
manipulate the chain dynamic properties.

In this work, we investigate the conformation and
dynamics of DNA molecules undergoing oscillatory
pressure-driven flow in microfluidic channels. We em-
ploy advanced simulation methods recently shown to
accurately capture the dynamics of DNA molecules in
bulk and in microfluidic confinement.21,37 Our simula-
tion method is summarized in section II. Results
describing how flow may be used to manipulate the
behavior of DNA molecules are presented in section III.

II. Simulation Method

We investigate the conformation and dynamics of
chain molecules corresponding to λ-DNA, concatenated
3λ-DNA, and T2-DNA in a 40 µm × 40 µm square
microchannel under oscillatory flow. In bulk solution,
the radii of gyration for Ns ) 10, 30, and 34 chains (Ns
) the number of springs) are Rg ) 0.76, 1.5, and 1.6
µm, the contour lengths are L ) 21.2, 63.6, and 72.1
µm, and the longest relaxation times are τrelax ) 0.095,
0.65, and 0.80 s, respectively. An oscillatory Poiseuille
flow in the x-direction with the velocity profile in the
channel cross section UB(y,z,t) ) UB(y,z) cos(2πft) is
imposed, and UB(y,z) is given by38

where Rn ) (2n - 1)π/2. An effective shear rate may be
defined as γ̆ ) 2Umax/H as in steady flow, where H is
the channel height. This allows us to compare the chain
deformation and the chain migration in oscillatory flow
to those of chains that undergo steady flow.

Brownian dynamics is employed to investigate the
conformation and dynamics of one individual DNA
molecule modeled as a bead-spring chain. The physical
characteristics of the model chain are matched to single
molecule experimental measurements of λ-DNA by
Smith et al.36,39 Specifically, the Kuhn segment length
(σk), the hydrodynamic bead radius (a), and the effective
volume of the bead (v) are chosen to fit experimental

measurements of the diffusivity, relaxation time, and
equilibrium size of λ-DNA.21

Hydrodynamic interaction between chain segments
are accounted for in a continuum fashion (i.e., the
solvent is a continuum Newtonian fluid), with the
assumption that the diffusion time for solvent molecules
is much faster than the shortest relaxation time of the
chain. The beads are coarse-grained “blobs”, or interac-
tion sites, each consisting of an ideal random walk of
Nk ) 19.8 Kuhn segments of length bk ) 0.106 µm. Two
beads at coordinates ri and rj interact with each other
through a soft Gaussian excluded-volume potential
given by21

Ss
2 ) Nk

2bk
2/6, v ) 0.0012 µm3 is the excluded-volume

parameter, and |ri - rj| is the distance between sites i
and j. Neighboring beads are linked by wormlike
springs, where the spring force is determined from
empirical fits to experimental data40,41 and given by

The simulation box is periodic in the unconfined flow
direction, and the chain segments are repelled from the
confining walls through a short-ranged cubic potential.23

The position and momentum for the beads on the chain
are evolved in time with an explicit integration scheme
according to the Langevin equation21,42

where dt is the time step and RB is a 3N vector
representing the coordinates of all the particles in the
system. UB is the unperturbed velocity field, and FB is the
force vector composed of the internal (chain conforma-
tion) and external (wall and bead excluded volume)
forces acting on each bead. The components of dWB are
obtained from a real-valued Gaussian with mean zero
and variance dt, and the quantity B‚dWB is calculated
using Fixman’s method.21 The Brownian forces that
appear in the last term of eq 4 are coupled to the velocity
perturbations through the fluctuation dissipation theo-
rem, given by D ) B‚BT.42 D is the diffusion tensor, a
3N × 3N matrix that accounts for intrachain hydrody-
namic interactions between chain segments. It may be
separated into the bead self-diffusion, the interbead
hydrodynamic interaction tensor (Green’s function) in
the bulk, and the perturbation due to the walls. It is
given by

where I is the identity matrix, η is the solvent viscosity,
a ) 0.077 µm is the bead hydrodynamic radius, and Ω
is the hydrodynamic interaction tensor. The hydrody-
namic interactions between the beads are included by
considering a moving bead (or “blob”) as a point force
on the surrounding fluid. The point force affects the
motion of other beads through the fluid motion it
induces. Green’s function generated by the point force
may be written as a superposition of the free space

Ux(y,z) ) Umax[(H2

4
- z2) +

H2∑
n)1

∞ (-1)n

Rn
3

cosh(2Rny/H) cos(2Rnz/H)

cosh(Rn) ] (1)

Uij
ev ) 1

2
vkBTNk

2( 3
4πSs

2) exp[-3|ri - rj|2

4Ss
2 ] (2)

fij
s )

kBT
2bk

[(1 -
|rj - ri|

Nkbk
)-2

- 1 +
4|rj - ri|

Nkbk
] rj - ri

|rj - ri|
(3)

dRB ) [UB + 1
kBT

D‚FB + ∇B‚D] dt + x2B‚dWB (4)

D ) kBT[ 1
6πηa

I + Ω] (5)
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perturbations (Ωfs) and the perturbations due to the
confined geometry (Ωw). An analytic expression for Ωfs
is given by the Oseen-Burgers tensor,42 although in
simulations it is commonly replaced with the Rotne-
Prager-Yamakawa (RPY) tensor to avoid complications
due to the finite size of the beads.43 The RPY tensor
guarantees positive semidefiniteness for all chain con-
figurations, which permits use of an algorithm for the
solution of eq 4 that scales as N2.25, where N is the
number of particles in the system.21,44

The wall perturbations to the hydrodynamic interac-
tions are determined by solving the incompressible
Stokes flow problem subject to the specific channel
geometry using the finite element method.26 In the H
> Rg regime, where our chain model is most valid,
recent simulations of DNA chains in microfluidic con-
finement have shown that the BD-HI method with bulk
parameters accurately predicts the DNA diffusivity in
slit channels.37 In square microchannels, the hydrody-
namic perturbations to the overall velocity field have
been found to decay exponentially with the distance
from the point force.23

The steady-state deformation of a chain in unidirec-
tional flow results from a balance between the shear
experienced by the chain, the chain relaxation due to
spring forces, and entropy. This process may be char-
acterized by the Weissenberg number. In steady channel
flow (f ) 0), significant chain stretching and migration
away from the walls have been observed for We > 1 in
prior simulations.22,23 In oscillatory flow, the strain (γ)
experienced by a chain in a half-cycle is given by

Significant chain stretching, and thus migration, is
expected only when We . 1 and γ . 1. If We is not large,
the flow is not strong enough to overcome the tendency
of the chains to relax; if γ is small, the chains do not
experience a large deformation and thus cannot become
highly stretched. At fixed We, therefore, large stretching
is expected at low frequencies, where the strain is large.
We performed single molecule simulations and calcu-
lated the average chain stretch and the averaged
standard deviation of the single chain stretch, 〈X〉 and
〈σx〉, respectively. These quantities are given by

where Xh is the average chain stretch of trial i, Xi,j )
(xi,j

max - xi,j
min) is the chain stretch at time tj of trial i, n is

the number of data points per trial, and Ntrials ) 100 is
the total number of simulation trials. A quantitative
measure of the depletion layer thickness (Ld) of chains
undergoing oscillatory flow in microchannels is the half-
maximal width of the center-of-mass chain distribution.
The results are presented in the following section.

III. Results and Discussion
A. Constant We. In oscillatory flow, a fluid element

is deformed due to the imposed velocity gradient, and

the deformation reverses direction every half-cycle. The
reversal in the flow direction causes a reversal in the
shear experienced by the DNA chain, leading to a
smaller chain during the reversal. This effect is shown
in Figure 1. In a flow with a long oscillation period, the
average chain stretch is indistinguishable from steady
flow during each half-cycle, but the chain extension
becomes much smaller as the flow reverses direction.
During unidirectional flow (f ) 0), small fluctuations
in the chain stretch are due to chain tumbling.20,45,46 In
oscillatory flow, these fluctuations are observed when
the flow is unidirectional (in the same half-period), but
they become largely dominated by the change in the
chain stretch due to flow direction reversal, particularly
at high frequencies.

Figure 1 also compares the frequency dependence of
chain stretch for chains undergoing constant shear (We
) 150). The average chain stretch is found to decrease
as the frequency increases, which corresponds to de-
creasing strain. At sufficiently high frequencies and low
strain, the chain conformation is virtually unperturbed
by the flow, and the chain stretch remains at the
equilibrium value. Figure 2 shows the average fractional
chain extension (〈X〉/L) as a function of the strain for
Ns ) 10 and Ns ) 30 chains. In steady flow (f ) 0) at a
shear rate of 230 s-1 (We ) 22 for Ns ) 10 and We )
150 for Ns ) 30), the ensemble-averaged chain stretch
is 30-35% of the full contour length. This prediction is
consistent with experimental measurements of λ-DNA

Figure 1. Average chain stretch for Ns ) 30 chains undergo-
ing oscillatory flow with γ̆ ) 230 s-1 in 40 µm × 40 µm
microchannels. The frequencies of 0, 0.1, 1.5, 10, and 375 Hz
correspond to γ ) ∞, 2300, 150, 23, and 0.6.

Figure 2. Average fractional chain extension for Ns ) 30, We
) 150 (squares) and Ns ) 10, We ) 22 (circles) chains as a
function of γ ) γ̆/f (γ̆ ) 230 s-1). The horizontal lines indicate
the equilibrium stretch for Ns ) 30 (solid lines) and Ns ) 10
(dashed lines). The average standard deviations for the chain
stretch given in eq 6 are shown. The errors are within the
symbol size.

γ ) ∫0

1/2f ∂Ux(y,z,t)
∂y

dt ∼ γ̆
f

(6)

〈X〉 )
1

Ntrials
∑

i

Xh i )
1

Ntrials
∑

i
[1

n
∑

j

(xi,j
max - xi,j

min)] (7)

〈σx〉 )
1

Ntrials
∑

i x 1

n - 1
∑

j

n

(Xi,j - Xh i)
2 (8)
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that suggest the highest ensemble averaged fractional
chain extension in shear flow is around 40%.45 In steady
flow, fractional chain extension is larger for the Ns )
30 chain because the longer chain undergoes higher We
flow at the same shear rate because it has longer
relaxation time than the shorter chain. At high strains
(low f), 〈X〉 is very weakly dependent on the frequency.
Small decreases in 〈X〉 as f increases may be attributed
to more frequent drops in 〈X〉 due to flow direction
reversal. At low strains (high f), the chain extension
reduces dramatically, and the chain does not extend at
all at very low strains (γ < 10). Interestingly, at low
and intermediate strain, the average chain fractional
extension is larger for Ns ) 10. This can be attributed
to (1) smaller fractional stretch of the longer chain at a
fixed strain/deformation, (2) less chain migration away
from the wall for the shorter chain, and (3) higher chain
fractional extension for Ns ) 10 at equilibrium (Xeq/L
∼ N-2/5 for a self-avoiding chain). Figure 2 shows that
the standard deviation of the single chain stretch can
be as large as 0.2L at high strain, suggesting that highly
stretched molecules (>0.5L) may be found. Closer
inspection of individual λ-DNA molecules at high γ (low
f) reveals that the DNA chains may be stretched as
much as 70% of their full extension, which has also been
observed in steady flow experiments.20,45

Under steady flow in microchannels, DNA molecules
are also found to migrate away from the walls. This
effect is due to the hydrodynamic interactions between
the chains and the channel walls.26,32 As the chain
molecule travels through the channel, it moves toward
the middle of the channel. Figure 3a shows the ensemble
average over 100 trial runs of the bead density distribu-
tion of a 34-spring chain, which has a contour length of
≈71 µm and corresponds to a fluorescently labeled T2-
DNA molecule, as a function of the time the chain
undergoes oscillatory flow in the channel. The experi-
mental measurements47 of the fluorescent intensity in
the channel cross section for TOTO-labeled T2-DNA
molecules undergoing oscillatory flow with the same
channel dimensions and flow parameters are shown in
Figure 3b. Both the simulations and the experiments
show that the DNA chains migrate toward the channel
center, and the bead density distribution becomes fully
developed after ∼200 s. In Figure 3c, the bead density
distribution as a function of the bead distance from the
wall found in the simulations is compared to the
fluorescent intensity in the channel cross section at
short, intermediate, and long times. The results are in
semiquantitative agreement. A smaller depletion layer
is found in the experiments that may be due to finite
concentration effects and fluorescent smearing. The
migration effect can be quantified with the fully devel-
oped chain center-of-mass distribution in the channel
cross section (gcom), as shown in Figure 4 for Ns ) 10
and 30 chains at several We and f. At the same We and
γ, the longer chains are found to have a higher distribu-
tion near the center of the channel. This is consistent
with the observation that longer chains are more
stretched and the migration force is stronger. At low f
(high strain), the peak of the distribution is off-center
as shown in Figure 5 as well as in Figure 4. This has
been previously observed in Poiseuille flow,26 and it has
been attributed to the competition between the wall
hydrodynamic effect that pushes chains away from the
walls but cancels exactly at the channel center and the
differences in segment mobility that favor chain motion

toward the wall in Poiseuille flow. At high f (low strain),
the chains do not migrate away from the wall, in
agreement with the observations that chains are not
stretched at low strains.

The thickness of the chain depletion zone near the
walls at steady state provides a quantitative measure
of the migration effect. We define the depletion layer
thickness (Ld) as the distance from the wall to the half-
maximal width of the fully developed chain center-of-
mass distribution. Figure 6 shows that the depletion
layer thickness exhibits similar dependences on strain
as the average chain stretch shown in Figure 2. At high
γ, Ld is weakly dependent on γ and is ∼16 µm for Ns )
30 (We ) 150) and 10 µm for Ns ) 10 (We ) 22) in the
H ) 40 µm channel. Ld drops dramatically as strain
decreases and eventually reaches Rg at very low strain,
which is the equilibrium value for the depletion layer
thickness.

Figure 3. (a) Simulation chain distribution in the channel
for Ns ) 34, We ) 50, and f ) 0.25 Hz in a 40 µm × 40 µm
channel. The distribution is shown as a function of the time
the chain has traveled in the channel, averaged over 100
simulations with random initial starting position. Higher chain
concentration corresponds to brighter regions. (b) Experimen-
tal data30 for fluorescently labeled T2-DNA, We ≈ 60, and f )
0.25 Hz in a 40 µm × 40 µm microchannel. Each tick on the
y-axis indicates 10 µm. (c) Chain density distribution as a
function of bead distance from the wall from the simulations
(lines) and the experiments (thick lines) for t ) 10 s (solid
lines), 30 s (dashed lines), and 300 s (dot-dashed lines).
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Another interesting phenomenon is that, at steady
state, the most extended chains are found in a ring away
from both the channel center and the walls, as shown
in Figure 7. In Poiseuille flow, the local shear rate is
highest near the wall and is zero at the channel center;
thus, one would expect the most extended chains near
the wall. At the same time, the stretched chains migrate
away from the wall, leading to the most stretched chains
at the border of the depletion zone. Figure 8 shows that

at low f (high strain) and an effective shear rate of 230
s-1 the fractional chain extension of chains closest to
the depletion zone is as much as 50% higher than that
of the chains in the channel center. In regions near the
wall, there are no chains present because of chain
migration. At high f (low strain), the chains do not
migrate, and the average chain stretch remains the
same throughout the channel. For the Ns ) 10 chain,
the most extended chains are found as close as 4 µm
from the wall even in steady flow (f ) 0), although few
chains are found in that region, as suggested by the
center-of-mass distribution shown in Figure 5b. As f
increases, the strain acting on a chain decreases, leading
to lower chain stretch and correspondingly weaker chain
migration. In the next section, we investigate how the
strain experienced by the chain may be used to ma-
nipulate the chain conformation and the migration
effect.

B. Constant γ. DNA chains in flow undergo defor-
mation due to different segments on the chain sampling
the fluid velocity gradient. As shown in eq 6, the strain
on the chain depends on the shear rate and the oscil-
lation period. In these simulations, γ ) γ̆/f is kept at
constant values of 15 and 100 for the Ns ) 10 chain,
and predictions for gcom, 〈X〉, and Ld are calculated as
the Weissenberg number is varied.

Figure 4. Fully developed center-of-mass distribution gcom in
the channel cross section for (a) Ns ) 30, We ) 150 and (b) Ns
) 10, We ) 22. The coordinates in the channel cross section
are denoted by y and z. The distributions are normalized to 1
for uniform distribution.

Figure 5. Fully developed center-of-mass distribution at the
centerline of the yz-plane for (a) Ns ) 30, We ) 150 and (b) Ns
) 10, We ) 23. y denotes the distance between the chain
center-of-mass and the channel center. The frequencies are f
) 0 (solid lines), 0.1 (circles), 1.5 (thick dashed lines), 10
(squares), and 50 Hz (diamonds), corresponding to γ ) ∞, 2300,
150, 23, and 4.6. The depletion layer thickness Ld is shown
for f ) 1.5 Hz.

Figure 6. Fully developed depletion layer thickness as a
function of strain for Ns ) 30, We ) 150 (squares) and Ns )
10, We ) 22 (circles).

Figure 7. Fully developed average fractional chain extension
distribution in the channel cross section for (a) Ns ) 30, We )
150 and (b) Ns ) 10, We ) 22. The coordinates in the channel
cross section are denoted by y and z.
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At the lower strain of γ ) 15, chain migration is very
weakly dependent on the Weissenberg number and the
oscillatory frequency. The center-of-mass distribution
in Figure 9a appears nearly uniform, with Ld ≈ 7 µm,
even at a very high shear rate (γ̆ ) 750 s-1, We ) 74).
In contrast, in steady flow, a larger depletion layer with
Ld ≈ 12 µm is found at a lower Weissenberg number of
We ) 22 for Ns ) 10 (Figure 6). This shows that low
strain retards chain migration at high shear rate
because the frequency is also higher.

At the higher strain of γ ) 100, chain migration is
strongly dependent on the Weissenberg number, as
shown in Figure 9b. At high strain and low We, or low
strain and high We, the center-of-mass distribution
remains nearly uniform in the channel cross section.
This observation, combined with the results in Figures
2 and 6, where at a moderate Weissenberg number (We
) 22) and a very high strain (γ ) 2300) the chains are
strongly deformed and migrate away from the walls,
suggests that both large strain and large We are needed
to effect chain stretching and migration.

Off-center peaks in the fully developed center-of-mass
distribution are also observed in Figure 9, analogous to
the results in Figure 5. As observed in the previous
section, the most stretched chains are found at the
border of the depletion zone, as shown in Figure 10. At
the lowest Weissenberg number, the chains are not
strongly deformed for both γ ) 15 and 100, and the
steady-state chain stretch is the same as at equilibrium
(〈Xeq〉/L ) 0.07). At γ ) 15, there is essentially no chain
migration (Figure 9a) over the range of We studied, and
the most stretched chains are found near the wall. At

the highest We, the average chain extension near the
wall is ∼0.2L, roughly 50% more extended than chains
in the channel center. At the higher strain of γ ) 100,
the chains do migrate away from the wall at high We,
and the average chain extension near the depletion zone
is as high as 0.4L, again ≈50% more extended than
chains in the channel center. At γ ) 100, the average
fractional chain extension appears to decrease as the
Weissenberg number increases from 100 to 500. This
decrease is due to stronger chain migration toward
channel center as the We increases, which reduces the
average chain extension because the shear rate de-

Figure 8. Fully developed average fractional chain extension
at the centerline of the yz-plane for (a) Ns ) 30 and (b) Ns )
10 chains at γ̆ ) 230 s-1. y denotes the distance between the
chain center-of-mass and the channel center. The oscillatory
frequencies are f ) 0 (solid lines), 0.1 (circles), 1.5 (thick dashed
lines), 10 (squares), and 50 Hz (diamonds), corresponding to
γ ) ∞, 2300, 250, 23, and 4.6.

Figure 9. Fully developed center-of-mass distribution as a
function of the center-of-mass coordinates at the centerline of
the yz-plane for Ns ) 10 chains, γ ) (a) 15 and (b) 100. y
denotes the distance between the chain center-of-mass and the
channel center. The oscillatory frequencies are f ) 0.1 (circles),
1.5 (thick dashed lines), 10 (squares), and 50 Hz (diamonds),
corresponding to We ) 0.15, 2.3, 15, 74 for γ ) 15 and We ) 1,
15, 100, 500 for γ ) 100.

Figure 10. Fully developed average fractional chain extension
in the centerline of the yz-plane for Ns ) 10 chains, γ ) 15
(solid lines) and 100 (dashed lines). y denotes the distance
between the chain center-of-mass and the channel center. The
oscillatory frequencies are f ) 0.1 (lines), 1.5 (circles), 10
(squares), and 50 Hz (diamonds), corresponding to We ) 0.15,
2.3, 15, 74 for γ ) 15 and We ) 1, 15, 100, 500 for γ ) 100.
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creases toward the channel center, and also the increase
in oscillatory frequency (because γ is fixed), which leads
to more frequent flow direction reversals. It is of interest
to note that the average fractional chain extension at
We ) 100, γ ) 100 is similar to the highest chain
fractional extension found in Figure 8 for We ) 22 in
steady flow, despite the retardation of chain relaxation
in oscillatory flow. This suggests that the maximum
chain stretch is bounded by the finite strain the chains
experience in the oscillatory flow.

Figure 11 summarizes the overall average fractional
chain extension and depletion layer thickness as a
function of the Weissenberg number. At low We, the
chains neither deform nor migrate away from the walls.
As We increases (at fixed γ), both 〈X〉/L and Ld strongly
increase for We > 1 until they reach plateau values at
high We (and at the same time high f). Figure 11a shows
that at the higher strain rate (γ ) 100) the average
chain extension reaches a maximum at We ∼ 50 and
decreases as We further increases. The depletion layer
thickness as a function of We (Figure 11b) also under-
goes a qualitative change at We ∼ 10. The nonmonotonic
behavior of the average fractional extension may be
rationalized by examining the chain center-of-mass and
chain stretch distribution for γ ) 100, We ) 100, and
We ) 500 shown in Figures 9 and 10. The figures show
that the average chain extension is smaller for We )
500 than We ) 100 because the chains have migrated
closer to the channel center, where the shear rate is
smaller and chains are stretched less.

Since the role played chain relaxation in chain
stretching is retarded by oscillatory flow at high fre-
quencies (as shown in Figure 1), the plateau values at
correspondingly high We for 〈X〉/L are expected to
strongly vary with strain. Figure 11a shows that 〈X〉/L
roughly doubles as the strain increases from 15 to 100.

This relatively weak dependence is due to (1) chain
migration, which leads to nonuniform distribution in the
channel cross section, and (2) zero shear rate at the
channel center, which leads to less stretched chains near
the channel center than near the wall. These two factors
combine to dampen the dependence of the average chain
extension on strain. When the stretch of an individual
chain is examined, the fluctuations in the chain stretch
can be quite large. For γ ) 100 and We ) 500, the
overall ensemble average chain stretch is only ∼5 µm,
but the stretch of an individual chain fluctuates between
3 and 17 µm. This suggests that oscillatory shear flow
may be used to extend chains to nearly the full contour
length and at the same time keeping the chains away
from the channel walls, thereby facilitating reactions
between the DNA molecule and enzymes or other
reactants.

IV. Conclusions

Our results suggest that in oscillatory microfluidic
flow the dimensionless groups We and γ can be used to
manipulate the chain conformation and chain migration,
resulting in highly stretched chains away from the
channel walls. At a constant effective shear rate of 230
s-1, our simulations predict that at high strain (low f)
the average chain stretch and the depletion layer
thickness remains roughly constant. As the strain
decreases and the oscillation period decreases to times
shorter than the chain relaxation time, both 〈X〉 and Ld
strongly decrease. For the Ns ) 30 chain, the depletion
layer thickness is found to weakly decrease from 16 to
14 µm for an increase from f ) 0 Hz (γ ) ∞) to f ) 1.5
Hz (γ ) 100) and then drops sharply from 15 to 5 µm
as f increases from 1.5 to 50 Hz (γ ) 4.6).

When the strain is kept constant, the average chain
stretch and the depletion layer thickness increases with
the effective shear rate and oscillatory frequency until
they reach plateau values at high frequencies. At low
strain, both chain stretch and migration are weakly
dependent on the shear rate and oscillatory frequency.
For both γ ) 15 and 100, the stretch of a given chain is
found to depend on the position of the chain in the
channel cross section, with the most stretched chains
found at the border of the depletion zone and ∼50%
more extended than chains near the channel center.
Recent experiments30 using stained T2-DNA (L ) 71
µm) undergoing oscillatory shear flow at 150 s-1 in 40
µm × 40 µm microchannels have found that the deple-
tion layer thickness remains roughly constant around
9-11 µm for f < 1 Hz and strongly decreases at higher
f.

In our simulations, there are several physical limita-
tions due to the coarse-grained chain model. The most
important of these are as follows: (i) Phenomena with
characteristic time shorter than the bead diffusion time
(∼0.004 s) are not captured by the model, thus placing
an upper limit on the frequency at f ≈ 250 Hz. (ii) Chain
conformational changes within one bead radius of the
walls are not accurately captured because each bead
represents ∼20 ideal random walk Kuhn segments.
Therefore, our simulations are most accurate in the
regime where H > Rg. Within these constraints, we
performed Brownian dynamics simulations to show how
oscillatory flow may be used to control the chain
conformation, the center-of-mass distribution, and the
chain stretch distribution in the channel cross section
in fully developed flow. Our findings are qualitatively

Figure 11. (a) Fully developed average fractional chain
extension for Ns ) 10 chains for γ ) 15 (circles) and 100
(squares) as a function of We of all chains in the channel. The
average standard deviations for single chain stretch given in
eq 5 are shown. The errors are within the symbol size. (b) The
depletion layer thickness for Ns ) 10 chains for γ ) 15 (circles)
and 100 (squares) as a function of We. The error bars are
smaller than the symbol size in both cases.
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consistent with the experimental measurements of DNA
depletion layer formation in microfluidic flow and
motivate more comparisons in the near future.
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