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ABSTRACT
Electrokinetic instability (EKI) is a flow instability that occurs in electric field-mediated microfluidic applications. It can be harnessed to
enhance sample mixing or particle trapping but has to be avoided in particle separation. Current studies on EKI have been focused primarily
on the flow of Newtonian fluids. However, many of the chemical and biological solutions exhibit non-Newtonian characteristics. This work
presents the first experimental study of the EKI in viscoelastic fluid flows with conductivity gradients through a T-shaped microchannel. We
find that the addition of polyethylene oxide (PEO) polymer into Newtonian buffer solutions alters the threshold electric field for the onset of
EKI. Moreover, the speed and temporal frequency of the instability waves are significantly different from those in the pure buffer solutions.
We develop a three-dimensional preliminary numerical model in COMSOL, which considers the increased viscosity and conductivity as
well as the suppressed electroosmotic flow of the buffer-based PEO solutions. The numerically predicted threshold electric field and wave
parameters compare favorably with the experimental data except at the highest PEO concentration. We attribute this deviation to the neglect
of fluid elasticity effect in the current model that increases with the PEO concentration.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5105387., s

I. INTRODUCTION
Electrokinetic instability (EKI) is a flow instability observed

in the development of electric field-mediated microfluidic applica-
tions.1 It is induced by an electric body force, fe, that results from
the interaction of electric field and fluid property gradients2

fe = ρeE − 1
2
(E ⋅ E)∇ε, (1)

where ρe is the free charge density, E is the electric field, and ε is the
permittivity of the fluid that is assumed incompressible here. The
two terms on the right-hand side of Eq. (1) represent the Coulomb
and dielectric forces, respectively. Making use of Gauss’ law,
∇ ⋅ (εE) = ρe, and the conservation equation for current,∇ ⋅ (σE) = 0,

one can readily obtain3

ρe = −εE ⋅ ∇σσ + E ⋅ ∇ε, (2)

where σ is the electric conductivity of the fluid. Therefore, the action
of electric field on a fluid with a nonuniform electric conductivity
or permittivity generates a body force in the direction of either the
electric field or the property gradient, which, if strong enough, may
cause EKI.1

The spatial variation of fluid properties occurs inherently at
the interface of two fluids that are displacing4 or coflowing with5

each other. The former situation takes place in both the field ampli-
fied sample stacking via isotachophoresis6 and the measurement
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of electroosmotic flow via current monitoring,7 where the applied
electric field is collinear with the fluid property gradient. The elec-
trokinetic co-flow of two (or more) fluids with dissimilar prop-
erties takes place in microfluidic mixing8–10 and sheath focusing-
based particle separation,11–13 where the electric field is orthogonal
to the fluid property gradient at the base state. Strong EKI can be
induced in this situation even if the Reynolds number is low,14–18

which has been utilized for microfluidic mixing applications.19–21

The effects of various parameters, including electric field,22,23 fluid
properties,24–26 channel configuration,27–29 channel dimension,30,31

and multiple species32 have been systematically investigated. The
spatial variation of fluid properties also occurs in the electroosmotic
flow of single fluids if the fluid temperature becomes nonuniform
as a consequence of the ubiquitous Joule heating effects.33,34 This is
attributed to the strong temperature dependence of the fluid con-
ductivity and permittivity.35 The electric field may be at various
angles with respect to the local temperature-induced fluid prop-
erty gradients, which has been reported to cause electrothermal
circulations in insulator-based dielectrophoretic microdevices.36,37

In addition, EKI may be induced by a similar electric body
force to that in Eq. (1), which, however, results from the action of
electric field upon the free charge density inside the electric double
layer (EDL) formed spontaneously at the (homogeneous) fluid-solid
interface (i.e., the microchannel walls).38 As the EDL thickness is
typically very thin as compared to the characteristic dimension of
microfluidic channels,39 this electric force becomes essentially a sur-
face force and is often considered via an electroosmotic slip velocity,
Uslip, on an otherwise nonslip channel wall40

Uslip = − εζμ E ⋅ t, (3)

where ζ is the wall zeta potential, μ is the fluid viscosity, and t is
the unit tangential vector of the wall. Therefore, the discontinu-
ity of Uslip on any channel walls may lead to local disturbances
to the otherwise pluglike electroosmotic fluid flow.41 This EKI has
been reported to occur when the wall surface charge varies spatially
as a result of the heterogeneous patterning,42 field effect control,43

or induced charge effect.33,44–47 The resulting fluid circulations48,49

have been demonstrated to enhance sample mixing50,51 and particle
trapping52,53 in several microfluidic applications.

However, all studies that are reviewed above have been focused
on the electroosmotic flow of Newtonian fluids. As a matter of fact,
many of the real chemical (e.g., polymer solutions and colloidal sus-
pensions) and biological (e.g., blood and DNA solutions) solutions
are complex fluids and exhibit non-Newtonian characteristics (e.g.,
elasticity and shear thinning).54–57 It is therefore natural and impor-
tant to ask if and how the fluid rheological properties may affect
the EKI in microchannel flows. Previous studies on electroosmo-
sis of non-Newtonian fluids and electrophoresis of particles therein
have been mainly carried out theoretically or numerically,58 many
of which have yet to be experimentally validated. Among the few
experimental studies in the literature, electro-elastic instabilities are
reported in the flow of polyacrylamide (PAA) solutions (strongly
elastic and strong shear thinning59) through both a constriction60

and a cross-shaped microchannel.61 Also, multiple pairs of circula-
tions are observed in the electroosmotic flow of xanthan gum (XG)
solutions (strongly shear thinning with little elasticity62) through

a constriction microchannel.63 Recently, our group has reported
abnormal electrophoretic particle behaviors in polyethylene oxide
(PEO) solutions (moderately elastic and weakly to mildly shear thin-
ning64) through a constriction microchannel.65,66 Moreover, our
group has observed exactly opposite lateral particle migrations in
the Poiseuille-electroosmotic flow of PEO solution as compared to
those in a Newtonian fluid.67 Such a reversed particle migration phe-
nomenon has also been reported in the electroosmotic flow of XG
solutions through a straight rectangular microchannel.68

We perform in this work the first experimental study on the
electroosmotic coflow of viscoelastic fluids with distinct electric con-
ductivities through a T-shaped microchannel. We use a range of
buffer-based PEO solutions in the test with the aim to study how the
fluid elasticity may affect the conductivity ratio-induced EKI. We
also develop a three-dimensional (3D) numerical model to under-
stand and predict the dynamic flow behaviors at the viscoelastic
fluid interface. The numerical predictions of both the threshold elec-
tric field (for the onset of EKI) and the instability wave param-
eters (including the wave speed and the temporal frequency) are
compared against the experimental measurements.

II. EXPERIMENT
A. Materials

Figure 1 shows a picture of the microfluidic chip used in the
experiment. It contains a T-shaped microchannel that was fabricated
using polydimethylsiloxane (PDMS) with the standard soft lithogra-
phy technique. The detailed fabrication procedure can be referred to
our earlier work.24 The two side-branches of the microchannel are
each 8 mm long and 100 μm wide, and the main-branch is 10 mm
long and 200 μm wide. The depth of the microchannel measures
67 μm. Two 1 ml pipette tips were inserted into the holes of the
side-branches to serve as the inlet reservoirs, where Inlets 1 and 2
(Fig. 1) were filled with 2.0 mM and 0.2 mM phosphate buffer solu-
tions, respectively. PEO powder (Mw = 2 × 106 Da, Sigma-Aldrich)
was dissolved into each solution at an equal amount, whose final
concentration was varied from 0 (i.e., Newtonian) to 1000 ppm (i.e.,
non-Newtonian or viscoelastic). These concentrations are all smaller

FIG. 1. Picture of the microfluidic chip used in the experiment. The two pipette
tips (with height markings) serve as the inlet reservoirs for producing an equal
pressure-driven flow in the two side-branches of the T-shaped microchannel, which
is concurrent with the DC electric field (imposed across the electrodes inserted into
the liquids in the inlet and outlet reservoirs) driven fluid flow.
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FIG. 2. Experimentally measured electric conductivities of 2.0 mM (σ2.0, filled
circles) and 0.2 mM (σ0.2, hollow circles) buffer-based PEO solutions. The calcu-
lated conductivity ratio (filled triangles), σ2.0/σ0.2, of these two solutions decreases
slowly with the increase in the PEO concentration.

than the overlapping concentration, c∗ = 0.77/[η] = 858 ppm of the
PEO polymer except for 1000 ppm, where [η] = 0.072M0.65

w = 897
ml/g is the intrinsic viscosity.69 Therefore, our prepared PEO solu-
tions are in the dilute (≤750 ppm) or semidilute (1000 ppm) regime,
and thus each has a moderate elasticity and a weak shear thinning.69

The 2.0 mM buffer-based PEO solution at inlet 1 was also mixed
with 50 μM rhodamine B dye (Sigma-Aldrich) for visualizing the
interfacial behavior between the two fluids.

Figure 2 shows the measured electric conductivity values
(Fisher Scientific, Accumet AP85) of the prepared buffer/PEO solu-
tions (in the absence of the rhodamine B dye). The addition of PEO
appears to increase slightly the conductivity values of both buffer-
based solutions. However, the extent of this increase becomes non-
negligible for the 0.2 mM buffer-based PEO solution because of the
small conductivity of the buffer solution itself. Consequently, the
conductivity ratio of 2.0 mM–0.2 mM buffer-based PEO solutions
decreases gradually from 8.8 at 0 ppm PEO to 7.6 at 1000 ppm
(Fig. 2). We also measured the electric conductivity of a couple of
dyed PEO solutions in 2.0 mM buffer and found no significant dif-
ferences with or without the dye. The zero-shear-rate viscosities of
the prepared solutions are listed in Table I. They were assumed to be
only dependent on the PEO concentration regardless of the buffer
concentration. The viscosity values of 500 ppm and 1000 ppm PEO
solutions were extracted from the experimental data of Rodd et al.69

Those of 250 ppm and 750 ppm were calculated using the viscosity
blending equation.70

The average zeta potential of the hybrid PDMS/glass channel
walls was measured by tracking the front of neutral rhodamine B

TABLE I. Viscosity values of the prepared buffer-based PEO solutions.69,70

PEO concentration (ppm) 0 250 500 750 1000

Fluid viscosity μ (mPa s) 1.0 1.3 1.8 2.0 2.3

dye in the electroosmotic flow of each prepared solution through a
2 cm long straight rectangular microchannel. This channel (along
with the two reservoirs) was fabricated using exactly the same pro-
cedure as the T-shaped microchannel to ensure the consistency of
the wall properties. It was first filled with a buffer or a buffer-based
PEO solution, where the liquid heights at the inlet and outlet reser-
voirs were balanced to minimize the pressure-driven flow. Then,
the solution at the inlet reservoir was replaced with an equal vol-
ume of the same solution but mixed with 50 μM rhodamine B
dye. The front of the dye solution was tracked after a DC elec-
tric field was imposed upon the channel right away. The electroos-
motic flow velocity was determined by dividing the travel distance
of the dye front over the travel time, with which the zeta poten-
tial could be roughly estimated using the Smoluchowski equation,
i.e., Eq. (3).39,40 The obtained zeta potential values are −23 mV and
−46 mV for the 2.0 mM and 0.2 mM pure buffer solutions,
respectively. We adopt the following approximate empirical corre-
lation14,15 to account for the dependence of the wall zeta potential, ζ,
on the buffer concentration, cb,

ζ = ζrC−0.3
b , (4)

where Cb = cb/cr is the normalized buffer concentration with
cr = 2.0 mM being the reference concentration and ζr = −23 mV
is the reference zeta potential when Cb = 1 (i.e., cb = cr). The zeta
potential of each of the buffer-based PEO solutions was found much
smaller than that of the pure buffer solution and hence was assumed
to be zero in our model.

B. Methods
Platinum electrodes were inserted into the liquids in both the

inlet and outlet reservoirs. Those at the inlet reservoirs were con-
nected to a high-voltage DC power supply (Glassman High Voltage,
Inc.) in parallel, while the electrode at the outlet was grounded. Such
a setup generated an equal DC electric field through each of the side-
branches of the T-shaped microchannel. As the electroosmotic flow
of buffer-based PEO solutions was found very weak in our exper-
iments, a concurrent pressure-driven flow was introduced to pump
the viscoelastic solutions through the microchannel. This was imple-
mented simply by raising the liquid heights in the two pipette tips
(Fig. 1). Note that the liquid heights at the inlet reservoirs were kept
leveled in every test, whose value relative to that at the outlet reser-
voir (read from the markings on the pipette tips) was varied from
0 to 1.5 cm to generate an equal pressure-driven flow in the two side-
branches at varying flow rates. The dynamic fluid behavior at the
T-junction of the microchannel was visualized and recorded using
an inverted fluorescent microscope (Nikon Eclipse TE2000U, Nikon
Instruments) along with a CCD camera (Nikon DS-Qi1Mc) at a
rate of 15 frames per second. The obtained videos and images were
postprocessed using the Nikon imaging software (NIS-Elements
AR 2.30).

III. THEORY
A. Governing equations

A 3D numerical model was developed to understand and simu-
late the electrohydrodynamic microchannel flow of viscoelastic flu-
ids with conductivity gradients. As a preliminary study, we ignored
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the elasticity effect of the PEO solution and considered only its influ-
ence on the fluid viscosity (Table I), conductivity (Fig. 1), and wall
zeta potential (see Sec. II). Referring to previous works on EKI in
Newtonian fluids from the Santiago group,14,15 we solved the follow-
ing conservation equations for charged species, current, mass, and
momentum, respectively,

∂σ
∂t

+ u ⋅ ∇σ = D∇2σ, (5)

∇ ⋅ (σ∇ϕ) = 0, (6)

∇ ⋅ u = 0, (7)

ρ(∂u
∂t

+ u ⋅ ∇u) = −∇p + μ∇2u + ε(∇2ϕ)∇ϕ, (8)

where σ = σ2.0Cb + σ0.2(1 − Cb) is the buffer concentration (note
0 ≤ Cb ≤ 1) dependent fluid conductivity with σ2.0 and σ0.2 being the
conductivities of the 2.0 mM and 0.2 mM buffer-based PEO solu-
tions (see Fig. 1), t is the time coordinate, u is the fluid velocity,
D = D0μ0/μ is the diffusion coefficient of the buffer ions with D0
= 1 × 10−9 m2/s assumed as the diffusivity in the pure buffer solu-
tions of viscosity μ0 (i.e., at 0 ppm PEO; see Table I), ϕ is the electric
potential with the electric field given by E = −∇ϕ, ρ = 1000 kg/m3

is the fluid density, p is the pressure, and ε = 7.083 × 10−10 C2/J⋅m
is the fluid permittivity that is assumed equal to that of water. Note
that other than the electric conductivity, all other fluid properties
including density, viscosity, and permittivity were assumed uni-
form in between the two buffer-based PEO solutions in our model.
This assumption has been often used in the numerical models for
EKI in Newtonian fluids in the literature.22–32 It is supposed to still
remain valid in our system because an equal concentration of PEO is
added to each buffer solution. The influence of the addition of rho-
damine B dye on the fluid properties was assumed negligible in our
model.

We also solved an advection-diffusion equation to simulate the
behavior of neutral rhodamine B dye for a direct comparison with
the experimental observation,

∂Cd

∂t
+ u ⋅ ∇Cd = Dd∇2Cd, (9)

where Cd is the dimensionalized (by its original 50 μM concentra-
tion) dye concentration and Dd = Dd0μ0/μ is the diffusion coefficient
of the dye molecules with Dd0 = 3 × 10−11 m2/s being the assumed
diffusivity14,15 in the pure buffer solutions (i.e., at 0 ppm PEO). It
is important to note that the governing equations, Eqs. (5)–(8), are
coupled through the fluid conductivity and need to be solved simul-
taneously in the model. In contrast, the dye concentration in Eq. (9)
is decoupled from the other fields and hence can be considered after
the other governing equations have all been solved. We note that
electroosmotic flow has been reported to exhibit a hysteresis in the
situations where two fluids with difference concentrations are dis-
placing one another.71,72 We are unsure if such an effect also occurs
in our system where the two dissimilar fluids are coflowing with each
other. We will defer this study to our future work.

B. Model implementations
Figure 3 shows the computational domain of our 3D model,

which is meshed with free tetrahedral elements. It also highlights
the important boundary conditions for the governing equations,
which are summarized in the follows. For the buffer conductivity
field in Eq. (5), the inlets 1 and 2 are imposed with σ = σ2.0 and
σ = σ0.2, respectively; all other surfaces are assumed nonpenetrat-
ing (the channel walls) or fully developed (the outlet), i.e.,∇σ ⋅n = 0
with n being the unit normal vector. For the electric (potential) field
in Eq. (6), the two inlets are imposed with an equal electric potential,
ϕ = ϕin, and the outlet is grounded. All channel walls are electrically
insulated, ∇ϕ ⋅n = 0. For the flow field in Eqs. (7) and (8), the chan-
nel walls are imposed with the electroosmotic slip velocity in Eq. (3),
i.e., u ⋅ t = Uslip. The inlets 1 and 2 are imposed with an equal hydro-
static pressure that is converted from the liquid height difference
between the inlet and outlet reservoirs, and the outlet is assigned a
zero pressure. For the dye concentration field in Eq. (9), the inlets
1 and 2 are imposed with Cd = 1 and Cd = 0, respectively; all other
surfaces are nonpenetrating with∇Cd ⋅n = 0. At the initial state, the
two fluids from the inlets 1 and 2 are both assumed stationary with
a uniform but distinct conductivity in each half of the computation
domain. The dye concentration also has a uniform value in each half
domain.

Our model was developed and solved in COMSOL® 5.3.
A grid-independence study was performed to ensure the model
accuracy, where the smallest mesh size was varied from 8 μm to

FIG. 3. The meshed computational domain (drawn to scale)
of the developed 3D model, where the geometric sizes
and boundary conditions (see details in Sec. III B) are
highlighted. The inlets 1 and 2 supply the 2.0 mM and
0.2 mM buffer-based PEO solutions, respectively, through
the T-shaped microchannel. The block arrows indicate the
flow directions. The inset shows a zoom-in view of the
tetrahedral meshes at the T-junction.
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FIG. 4. Comparison of the time-averaged velocity profiles at the cross section
1.5 mm downstream from the T-junction under a 320 V/cm electric field with a
range of mesh sizes.

20 μm. Figure 4 compares the corresponding time-averaged velocity
profiles at a cross section 1.5 mm downstream from the T-junction
under the electric field of 320 V/cm in the main-branch. As no signif-
icant differences are viewed between the profiles with the mesh sizes
of 8 μm–10 μm, we chose the latter in our simulations to reduce the
computation time. Our model was solved in the Palmetto Cluster
of Clemson University, and the computation of one case took more
than 8 h.

IV. RESULTS AND DISCUSSION
A. Effect of electric field

Figure 5 shows the experimental and numerical images of
the fluorescent dye behavior in the electrohydrodynamic coflow of
2.0 mM and 0.2 mM buffer-based PEO solutions. The liquid height
difference between the inlet and outlet reservoirs is fixed at 1 cm,
while the DC electric field is varied to study the EKI. In the case of
0 ppm PEO in either buffer, for which the system becomes Newto-
nian fluids with conductivity gradients, similar interfacial electroki-
netic behaviors to previous works14,15 are observed in Fig. 5(a). No
EKI waves occur at the T-junction region of the microchannel until
the electric field is increased to 350 V/cm (estimated from an applied
voltage drop of 630 V across the overall 1.8 cm long channel), which
is defined as the threshold electric field, Eth. Further increasing the
electric field enhances the EKI, where the instability waves become
stronger and propagate faster. In contrast, the EKI waves appear in
the viscoelastic buffers with 500 ppm PEO at a smaller threshold
electric field (Eth = 328 V/cm) and take place much closer to the
T-junction in Fig. 5(b). Moreover, they are convected downstream
at a much lower rate than those in the Newtonian buffers because of
the suppressed electroosmotic flow in the PEO solutions. This
phenomenon is further demonstrated in Fig. 6 via the time evolu-
tion of EKI waves under an identical DC electric field of 389 V/cm.
However, the EKI waves in the PEO solutions do not seem to grow
significantly stronger with the increase in electric field. The exper-
imentally observed dynamic behaviors of the dye molecules are

FIG. 5. Experimental images (left column, where the dashed lines highlight the
channel walls) and numerical predictions (right column) of the dye concentration
in the concurrent electric field- and pressure-driven flow of 2.0 mM (dyed) and
0.2 mM (dye-free) buffer-based PEO solutions through a T-shaped microchannel:
(a) 0 ppm PEO (i.e., Newtonian fluids) and (b) 500 ppm PEO (i.e., viscoelastic
fluids). The liquid height difference between the inlet and outlet reservoirs is 1 cm
in both cases. The values of the applied DC electric field across the microchannel
are highlighted above experimental images, where Eth is the threshold electric
field for the onset of stable EKI waves. The predicted values of Eth are also
highlighted above the corresponding numerical images. Other values of electric
field are identical between the experiment and simulation illustrated in the same
row. The highlighted length scale is the same for the experimental and numerical
images.

FIG. 6. Experimental images (left column) and numerical predictions (right column)
of the dye concentration at different time instants (highlighted on the experimen-
tal images) in the concurrent electric field- and pressure-driven coflow of 2.0 mM
(dyed) and 0.2 mM (dye-free) buffer-based PEO solutions:(a) 0 ppm PEO and (b)
500 ppm PEO. The liquid height difference between the inlet and outlet reservoirs
is 1 cm, and the average DC electric field across the channel is 389 V/cm (above
the threshold field) in both cases. The colored arrows highlight the propagation of
the EKI waves. The highlighted length scale is the same for the experimental and
numerical images.
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simulated with a reasonable agreement in both the Newtonian and
viscoelastic buffers under varying DC electric fields (Fig. 5) and at
different time instants (Fig. 6). However, there are noticeable dif-
ferences in the observed and predicted locations of the EKI waves,
particularly significant in the Newtonian buffer. We attribute this
discrepancy to mainly the observation errors in the experimentally
measured wall zeta potential and liquid height difference, which
affect the computation of the electric field and pressure-driven fluid
flows, respectively, in the numerical model and hence the propaga-
tion of the EKI waves. A quantitative comparison will be presented
in Sec. IV B. It is important to note that our model does not take
into account the effect of fluid elasticity on EKI, which may imply
that such an effect is actually small as compared to that of the fluid
conductivity gradients.

B. Effect of PEO concentration
Figure 7 shows the effect of PEO concentration on the threshold

electric field, Eth, in the above demonstrated electrohydrodynamic
flow of viscoelastic buffer solutions with conductivity gradients. We
see from Fig. 7(a) that Eth increases at a higher PEO concentration
if the liquid height difference between the inlet and outlet reservoirs
is fixed. Moreover, Eth seems to increase linearly with the imposed
liquid height difference (and hence the pressure-driven flow rate) in
both the viscoelastic (at any PEO concentrations) and Newtonian
buffer solutions. The latter observation is consistent with a recent
study from Navaneetham and Posner,3 which is attributed to the
reduced local growth rate of EKI structures at a greater advective
velocity. However, the minimum liquid height difference must be
increased in order to observe the EKI waves in buffers with a higher
PEO concentration. This trend can be well fitted into a 2nd-order
polynomial trendline (or an exponential trendline if the data point
for the Newtonian buffer, which does not require a complemen-
tary pressure-driven flow, is excluded), as illustrated in Fig. 7(b1).
A quantitative comparison of the experimentally and numerically
obtained Eth is presented in Fig. 7(b2) for a fixed 1 cm liquid height
difference. The experimental values of Eth show a nonmonotonic
trend with the PEO concentration, where the decrease from 0 ppm
to 250 ppm is mainly a result of the suppressed electroosmotic flow
and the continuous increase from 250 ppm to 1000 ppm should
be caused primarily by the decreased buffer conductivity ratio (see
Fig. 2). They are slightly underpredicted (<10%) by our model for all
solutions except that with 1000 ppm PEO (17%). Moreover, the devi-
ation seems to grow with the increase in PEO concentration, which
may be because of the neglected fluid elasticity effect that increases
with the PEO concentration. Note that our simulations were per-
formed using the experimentally measured conductivity values of
the buffer-based PEO solutions in Fig. 2. If the influence of PEO
on the buffer conductivity was ignored, the computed Eth would
become smaller for each PEO concentration because of the greater
conductivity ratio than the real value. This would make the numer-
ical curve in Fig. 7(b2) deviates further from the experimental data
points.

C. Speed and frequency of the EKI waves
We also tracked the “valley” of the EKI waves and deter-

mined the wave speed in both the experiment and simulation. In

FIG. 7. Threshold electric field, Eth, for the onset of EKI in the concurrent electric
field and pressure-driven flow of viscoelastic buffer solutions at varying PEO con-
centrations: (a) experimentally measured values (symbols with error bars and the
dotted lines are the linear trendlines of the corresponding experimental data points)
of Eth in a range of imposed liquid height differences between the inlet and outlet
reservoirs; (b1) the minimum liquid height difference (symbols, and the dotted line
is the 2nd order polynomial trendline of all the data points) for the onset of EKI
increases with the increase in PEO concentration; (b2) comparison of the exper-
imentally measured (symbols) and numerically predicted (solid line) Eth under a
fixed liquid height difference of 1 cm.

the Newtonian buffer solutions, the measured and predicted wave
speeds agree reasonably well and both increase nearly linearly with
electric field. This finding, as illustrated in Fig. 8(a), is consis-
tent with that of Chen et al.15 In the viscoelastic buffer solutions,
the wave speed becomes much smaller because of the suppressed
electroosmotic flow (and hence the overall advective velocity).
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FIG. 8. Experimentally measured (symbols with error bars) and numerically pre-
dicted (solid lines) wave speeds for EKI in the concurrent electric field and
pressure-driven flow of viscoelastic buffer solutions: (a) wave speed vs DC electric
field in buffers of varying PEO concentrations and (b) wave speed vs PEO con-
centrations under a fixed 389 V/cm DC electric field. The liquid height difference is
fixed at 1 cm in all cases.

Surprisingly, it decreases with the increase in electric field in both
500 ppm and 1000 ppm PEO solutions, which may result from
the stronger interactions between the EKI waves and the pressure-
driven advective flow.3 Such a trend in 500 ppm PEO is quantita-
tively predicted by our model, which, however, fails in 1000 ppm
PEO likely because of the neglect of the fluid elasticity effect.
Figure 8(b) compares the experimentally measured and numerically
predicted wave speeds in buffers of varying PEO concentrations
under a fixed 389 V/cm DC electric field and a fixed 1 cm liquid
height difference. Similar to the observation of Eth in Fig. 7(b2),
the experimental wave speed also first decreases (from 0 ppm to
750 ppm) and then increases (1000 ppm) with the PEO concen-
tration. This trend might still be the consequence of the competi-
tion between the hydrodynamic advective flow and the EKI waves.3

It agrees well with the numerically predicted curve in Fig. 8(b) except
in the 1000 ppm PEO buffers because of the same reason as noted
above.

In addition, we did a similar study to Fig. 8 on the temporal
frequency of the EKI waves in viscoelastic buffer solutions, which
counts the number of occurrences of an instability wave per second
at a fixed location of the microchannel. As shown in Fig. 9(a), the
frequency of instability waves in the Newtonian buffer solutions first
increases and then decreases with the increasing electric field. This
trend seems to be reasonably captured by the numerical model and,
as explained by Chen et al.,15 may be a result of the transition from
convective to absolute instabilities. In contrast, the EKI waves in the
viscoelastic buffer solutions have a much lower frequency because of
the significantly reduced advective flow therein. Moreover, the wave
frequency decreases at higher electric fields in both 500 ppm and
1000 ppm PEO solutions, which may be again a result of the stronger
interactions between the EKI waves and the pressure-driven advec-
tive flow.3 Similar to the wave speed in Fig. 8(a), the experimental
variation of the wave frequency with electric field is also favorably
predicted for 500 ppm PEO but not for 1000 ppm because of the
enhanced fluid elasticity effect in the latter. A direct comparison

FIG. 9. Experimentally measured (symbols) and numerically predicted (solid lines)
temporal frequencies for EKI waves in the concurrent electric field and pressure-
driven flow of viscoelastic buffer solutions: (a) temporal frequency vs DC electric
field in buffers of varying PEO concentrations and (b) temporal frequency vs
PEO concentrations under a fixed 389 V/cm DC electric field. The liquid height
difference is fixed at 1 cm in all cases.
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of the experimentally and numerically obtained wave frequencies is
presented in Fig. 9(b) for a range of PEO concentrations. A similar
trend to the wave speed in Fig. 8(b) is observed under both a fixed
electric field (389 V/cm) and a fixed liquid height difference (1 cm).
Moreover, the numerical prediction deviates from the experimental
data point at 1000 ppm PEO because of the neglected fluid elasticity
effect.

V. CONCLUSIONS
We have conducted a combined experimental and numeri-

cal study of the EKI in coflowing viscoelastic PEO solutions with
distinct electric conductivities. The addition of PEO polymer into
the Newtonian buffer solutions suppresses the electroosmotic flow,
which necessitates the use of a concurrent pressure-driven flow
for pumping the viscoelastic solutions. It also alters the conductiv-
ity (and in turn the conductivity ratio between the two solutions)
and viscosity of the background buffer solutions. These alterations
together are found in our experiments to have a significant impact
on both the threshold electric field and the EKI waves. Specifically,
adding PEO causes first a decrease and then an increase in the
threshold electric field for the onset of EKI when the PEO concentra-
tion increases. More importantly, adding PEO strongly slows down
the propagation speed and reduces the temporal frequency of the
EKI waves. To understand the observed dynamic behavior of the dye
molecules, we have developed a 3D numerical model in COMSOL
that considers such alterations while neglecting the fluid elasticity
effect in the buffer-based PEO solutions under a combined electric
field and pressure-driven flow. This preliminary model is based on
those models available in the literature22–32 but considers the EKI
in a combined electric field and pressure-driven flow. It is found
sufficient to capture the electrokinetic flow phenomena at the vis-
coelastic fluid interface when the PEO solution is within the dilute
regime (i.e., ≤750 ppm). The numerical predictions agree quantita-
tively with the experimental data on the threshold electric field as
well as the speed and temporal frequency of the EKI waves. How-
ever, the deviation between the numerical and experimental results
overall grows with the increase in PEO concentration from 0 ppm to
1000 ppm. This is because the fluid elasticity effect, which increases
with the PEO concentration, is neglected in the model. Our findings
may imply a smaller effect of the fluid elasticity on EKI than that
of the fluid conductivity gradients until the PEO solution becomes
semidilute.

Our work represents the first study of the EKI in non-
Newtonian fluids. It provides important data to the fundamental
understanding of the potential effects of fluid elasticity on EKI.
It also provides a useful guide to the design and control of elec-
trokinetic micromixers for non-Newtonian chemical and biological
samples in microfluidic applications.54–57 In future work, we will
include the fluid rheological effects (e.g., elasticity and shear thin-
ning) into our model for a more accurate prediction of the EKI
in microchannel non-Newtonian fluid flows and further calibrate
the revised model using experiments with appropriately selected
non-Newtonian fluids.63
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