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Electrokinetic flow instabilities in shear thinning
fluids with conductivity gradients
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Instabilities in the form of periodic or irregular waves at the fluid interface have been demonstrated in

microchannel electrokinetic flows with conductivity gradients when the applied electric field is above a

threshold value. Most prior studies on electrokinetic instabilities (EKI) are restricted to Newtonian fluids

though many of the chemical and biological samples in microfluidic applications exhibit non-Newtonian

characteristics. We present in this work an experimental study of the effects of fluid shear thinning on

the development of EKI waves through the addition of a small amount of xanthan gum (XG) polymer to

both the high- and low-concentration Newtonian buffer solutions. The threshold electric field for

the onset of EKI in the XG solution is significantly lower than in the Newtonian solution. However, the

propagation speed, amplitude and frequency of EKI waves in the former are all smaller. Increasing the

polymer concentration reduces the threshold electric field and as well the critical electric Rayleigh

number that considers the fluid property variations in XG solutions. This decreasing trend indicates the

enhancing effect of fluid shear thinning on EKI, which is qualitatively consistent with a recent numerical

prediction. However, the measured wave properties all follow a non-monotonic trend with XG

concentration, different from the continuously decreasing electroosmotic velocity.

1. Introduction

Electrokinetic flow is an effective means to pump and manipulate
samples in micro/nanofluidic devices.1–3 It has a nearly plug-like
velocity profile, which, compared to the parabolic pressure-driven
flow, leads to a smaller flow resistance and a weaker sample
dispersion.4–6 This electric field-driven flow is, however, sensitive
to both the wall (of microchannels) and fluid properties, which
must be kept uniform to avoid any electric field-induced charges
and in turn local flow disturbances.7–9 Instabilities can occur in
electrokinetic microchannel flows with conductivity gradients
when the applied electric field is above a threshold value.10 These
so-called electrokinetic instabilities (EKI)11 refer to the onset and
growth of periodic or irregular waves at the fluid interface. On one
hand, EKI must be avoided in field amplified sample stacking12

(e.g., isotachophoresis13) and electroosmotic flow displacement14

(e.g., electric current monitoring for an accurate measurement of
electroosmotic flow velocity15), where two (or more) fluidic sam-
ples displacing each other have different properties with the
gradient being collinear with the applied electric field.16 EKI

should also be minimized in sheath focusing-based separation of
particles,17 where the co-flowing sheath fluid and particulate
solution may have dissimilar properties with the gradient being
orthogonal to the applied electric field.18 On the other hand, EKI
can be utilized to enhance the microfluidic mixing of two (or
more) co-flowing samples, wherein the property gradient is also
orthogonal to the applied electric field.19–21 Understanding the
mechanism of EKI is critical for proper and optimal operation of
the aforementioned electrokinetic microfluidic applications.

Earlier works from the Santiago group22–25 in 2000s estab-
lished the theoretical framework of EKI in microchannel flows
with conductivity gradients. Convective and absolute instabilities
are identified, of which the former is convected downstream by
electroosmotic flow and its onset is governed by the critical
electric Rayleigh number,23

Rae;cr ¼ G
h

d
eEth

2d2

mD
(1)

where G ¼ ðg� 1Þ2
�
ðgþ 1Þ2 with g being the conductivity ratio

between the higher and lower conductivity fluids, h is the half
width of the microchannel, d is the diffusion length of ions, e is
the fluid permittivity, Eth is the threshold DC electric field for the
onset of EKI, d is the half depth of the microchannel, m is the fluid
viscosity, and D is the effective diffusivity of ions. The effects of
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various parameters, ranging from AC electric field26,27 to fluid
properties,28–30 colloidal suspension,31 channel structure,32–34

channel dimension,35,36 and Joule heating37 have been experi-
mentally and/or theoretically investigated on EKI in microchannel
flows with conductivity and/or permittivity gradients. However,
all these studies are focused upon the electrokinetic flow of
Newtonian fluids.

As many of the chemical (e.g., polymer solutions and colloi-
dal suspensions) and biological (e.g., blood, saliva and semen)
samples in microfluidic applications are non-Newtonian
fluids,38–44 it is important to investigate the role of fluid
rheology in EKI. To our knowledge, only a few studies have
appeared in the literature. Our group has reported the first
experimental study of EKI in viscoelastic polyethylene oxide
(PEO) solution flows.45 The addition of PEO polymer into
the co-flowing Newtonian buffer solutions with different con-
ductivities causes first a decrease then an increase in the
threshold electric field for the onset of EKI. It also reduces
the propagation speed and temporal frequency of EKI waves.
In a later numerical work, Sasmal46 modeled the viscoelasticity
effect using the Oldroyd-B constitutive equation, which predicts
suppressed EKI in viscoelastic fluid flows. Moreover, the author
reported that the chaotic fluctuation of EKI decreases when the
Weissenberg number or polymer-to-solvent viscosity ratio
increases because of the formation of a strand of high elastic
stresses at the fluid interface. In a more recent paper, Hamid
and Sasmal47 performed a numerical investigation of how
the rheological behavior of a fluid obeyed by the power-law
constitutive equation influences EKI. Changing the fluid rheo-
logical behavior from shear thickening to shear thinning
significantly increases the intensity of EKI and decreases the
threshold electric field. The authors also employed a data-
driven dynamic mode decomposition technique to analyze
the flow dynamics and EKI mixing. They observed a significant
difference in the coherent flow structures as the power-law
index changes.

Recognizing the scarcity of studies on EKI in non-Newtonian
fluids, we present in this work an experimental study of EKI in
shear thinning fluid flows with conductivity gradients through
a T-shaped microchannel. We mix a small amount of xanthan
gum (XG) polymer into high- and low-concentration Newtonian
buffer solutions to form shear thinning fluids. We compare the
threshold electric field for the onset of EKI waves as well as the
wave speed, amplitude and frequency under different electric
fields in the shear thinning and Newtonian fluid flows. We also
examine how varying the XG concentration and hence the fluid
shear thinning effect change the threshold electric field and the
properties of EKI waves. Moreover, we revise the critical electric
Rayleigh number defined in eqn (1) to incorporate the fluid
property variations in XG solutions. We examine how this
dimensionless number is affected by the fluid shear thinning
effect and compare the result with the numerical prediction of
Hamid and Sasmal.47 The findings from this study will provide
a foundation for future experimental and numerical investiga-
tions into the role of shear thinning behavior in the electro-
osmotic flow of more complex fluids.

2. Experiment
2.1. Materials

A similar setup to that in our previous papers on EKI in Newtonian
fluid flows29,30 was used in this experiment. The T-shaped micro-
channel was fabricated with polydimethylsiloxane (PDMS) using
the standard soft lithography technique as detailed in our earlier
paper.29 The channel has two 8 mm long, 100 mm wide side
branches and one 10 mm long, 200 mm wide main branch with a
depth of 53 mm everywhere. It was primed with deionized water
(Fisher Scientific) for 10 min immediately after the fabrication to
ensure uniformity and reproducibility of wall properties. The inlet
and outlet reservoirs of the channel were all made large with 6-mm
diameter each to minimize the influence of the hydrostatic
pressure-driven backflow because of the electroosmotic fluid
depletion/buildup therein. The same amount of XG polymer
(Tokyo Chemical Industry) was dissolved into 2 mM and 0.2 mM
phosphate buffer solutions to prepare shear thinning fluids.
The XG concentration was changed from 0 (i.e., polymer-free

Fig. 1 Experimentally measured fluid properties: (a) electric conductivities
of 2.0 mM (s2, filled circles) and 0.2 mM (s0.2, hollow circles) buffer-based
XG solutions and the corresponding conductivity ratio (filled triangles),
s2/s0.2, vs. XG concentration, where the lines are used to guide the eyes
only; (b) dynamic viscosity of 0.2 mM buffer (unless otherwise stated)-
based XG solutions vs. shear rate, where the power-law index, n, of the
trendline fitted to the data for each solution is labeled on the log–log plot.
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Newtonian fluid as the control test experiment) to 10, 25, 50, 100
and 150 ppm. These 2 mM and 0.2 mM buffer-based solutions
have identical fluid properties except for the electric conductivity
and wall surface charge.

The measured electric conductivities (Fisher Scientific,
Accumet AP85) of the prepared fluids are presented in
Fig. 1(a). Like the viscoelastic PEO solutions in our recent
work,45 the addition of a small amount of XG polymer causes
no visible change in the conductivity of 2 mM buffer. It, however,
slightly increases the conductivity of 0.2 mM buffer because of
the small conductivity of the latter. The consequence is a
decreasing conductivity ratio between 2 mM and 0.2 mM
buffer-based XG solutions from 8.8 to 7.7 when the XG concen-
tration increases from 0 to 150 ppm. The dynamic viscosity, Z, of
the prepared XG solutions was measured using a cone-plate
rheometer (Anton Paar, MCR 302) at room temperature through
steady-shear tests for shear rates ranging from 10 to 1000 s�1.
The cone and plate have a diameter of 50 mm, and the cone has
an angle of 11. The obtained viscosity data are shown in Fig. 1(b)
with respect to the shear rate for 0.2 mM buffer-based solutions
at different XG concentrations. Also included in the log–log plot
is the viscosity of 50 ppm XG solution in 2 mM buffer, which has
a similar profile to that of 50 ppm XG solution in 0.2 mM buffer.
One can see that increasing the XG concentration increases both
the dynamic viscosity (for the same shear rate) and shear
thinning effect, the latter of which is reflected by the decreasing
power law index, n, labeled on the plot.

2.2. Methods

Prior to every experiment, the deionized water was emptied
from all the three reservoirs of the T-shaped microchannel. An
equal volume of 0.2 mM and 2 mM buffer-based XG solutions
with the same XG concentration was dispensed into the inlet
reservoirs of the two side branches, respectively. The same
volume of 0.2 mM buffer was then dispensed into the outlet

reservoir of the main branch to balance the liquid height in the
inlet reservoirs, removing the hydrostatic pressure-driven flow
within the microchannel. The electroosmotic flow of each of the
two XG solutions from the inlet to the outlet reservoir was driven
by an equal DC electric field through each side branch. This was
realized by connecting the platinum electrodes in the inlet reser-
voirs with a DC power source (Glassman high voltage) in parallel
while grounding that in the outlet reservoir. The imposed DC
voltages were kept no more than 900 V in all tests, limiting the
average electric field to 500 V cm�1 over the 1.8 cm channel length.
This magnitude of DC electric field has been demonstrated in our
earlier paper to cause insignificant Joule heating effects in similar
buffer solutions even in a constricted microchannel.48 To visualize
the interfacial behavior between the co-flowing fluids, 2 mM
buffer-based solution was mixed with 50 mM neutral rhodamine
B dye (Sigma-Aldrich). The dynamic fluid behavior at the T-
junction of the microchannel was visualized and recorded using
an inverted fluorescent microscope (Nikon Eclipse TE2000U,
Nikon instrument) equipped with a CCD camera (Nikon DS-
Qi1Mc). The resulting digital images were post-processed using
the Nikon imaging software (NIS-Elements AR 2.30).

We revised the critical electric Rayleigh number, Rae,cr,
defined in eqn (1) to incorporate the variations of material
properties in XG solutions compared to the Newtonian solution
(i.e., the solvent of XG solutions in this work). As viewed from
Fig. 1(b), the addition of XG polymer increases fluid viscosity, m,
and hence decreases ion diffusivity, D, via the Stokes–Einstein
equation,

D ¼ kBT

6pma
¼ D0

m0
m

� �
(2)

where kB is the Boltzmann constant, T is the fluid temperature,
a is the radius of ions, D0 is the diffusivity of ions in the
Newtonian solution with m0 being its viscosity. Also affected in
eqn (1) is the diffusion length, d, of ions, which can be

Fig. 2 Electroosmotic flow of 0.2 mM (dark) and 2 mM (dyed) buffer-based solutions at the T-junction under different electric fields: (a) experimental
images of the fluid interface in the Newtonian fluid (0 ppm XG, left column) and shear thinning fluid (50 ppm XG, right column). The arrow on each image
indicates where the EKI waves first appear under the corresponding electric field. The dashed lines highlight the channel walls, and the scale bar
represents 200 mm; (b) experimentally measured electroosmotic velocities of 0.2 mM buffer-based Newtonian (0 ppm XG) and shear thinning (50 ppm
XG) fluids and the calculated fluid shear rate in the shear thinning fluid. The dotted lines are linear trendlines fitted to the data points.
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estimated from,

d ¼ 2
ffiffiffiffiffiffi
Dt
p

¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D0

m0
m

� �
Lfov

Ueo;0

Ueo;0

Ueo

� �s

¼ d0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m0
m

� �
Ueo;0

Ueo

� �s
(3)

where the time for ion diffusion, t, is estimated from the
electroosmotic advection of fluid across the field of view in
our experiment with a fixed length of Lfov, Ueo,0 is the electro-
osmotic velocity in the Newtonian solution, Ueo is the electro-
osmotic velocity in the XG solution, and d0 ¼ 2

ffiffiffiffiffiffiffiffiffiffi
D0t0
p

is the ion
diffusion length in the Newtonian solution with t0 ¼ Lfov

�
Ueo;0.

Substituting eqn (2) and (3) into eqn (1) leads to,

Rae;cr ¼ G
h

d0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m
m0

� �
Ueo

Ueo;0

� �s
eEth

2d2

m0D0
(4)

If we define the critical electric Rayleigh number in the New-
tonian solution as Rae,cr,0, the above equation can be further

converted into the following form,

Rae;cr

Rae;cr;0
¼ G

G0

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m
m0

� �
Ueo

Ueo;0

� �s
Eth

Eth;0

� �2

(5)

where G0 ¼ g0 � 1ð Þ2
.

g0 þ 1ð Þ2 with g0 being the conductivity

ratio in the Newtonian case. This ratio of Rae,cr will be used in
the next section to quantify the fluid shear thinning effect
on EKI.

3. Results and discussion
3.1. Comparison of EKI in shear thinning and Newtonian
fluid flows

Fig. 2(a) shows experimental images of the fluid interface
between 0.2 mM and 2 mM buffer-based XG solutions at the
T-junction of the microchannel under different DC electric
fields. For the case of 0 ppm XG solution, i.e., Newtonian fluid
(left column), we observe a similar development of EKI to that

Fig. 3 Comparison of the sequential images (upper panel, time instants labeled to the left of the images) and intensity plots (lower panel, obtained at the
fluid interface 600 mm away from the T-junction) of fluorescent dye under 400 V cm�1 electric field: (a) Newtonian 0 ppm XG solution; (b) shear thinning
50 ppm XG solution. The arrows on the images track the propagation of EKI waves with time. The dashed lines highlight the channel walls, and the scale
bar represents 200 mm.
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reported in our recent work.45 The waves first occur about
0.5 mm away from the T-junction under the threshold electric
field of 294 V cm�1 (estimated from the total voltage drop of
530 (�20) V divided by the total length of 1.8 cm between the
inlet and outlet reservoirs, consistent with the value obtained in
our recent work45). They move closer to the T-junction and get
stronger in both amplitude and propagation speed with
increasing electric field. In contrast, as viewed from the images
in Fig. 2(a) for 50 ppm XG solution (right column), the onset of
EKI takes place much earlier at the stagnation point of the
T-junction, which may be correlated with the local high shear rate
and hence large viscosity variations in a shear thinning fluid.
Moreover, the threshold electric field, Eth = 205 V cm�1, is much
smaller in the XG solution than that in the Newtonian fluid.

To compare the critical electric Rayleigh number, Rae,cr, in
these two types of fluids, we first estimated the shear rate in the
shear thinning fluid via 2Ueo/h, where the electroosmotic velocity,
Ueo, was experimentally measured in 0.2 mM buffer-based 50 ppm
XG solution (along with that in 0.2 mM buffer solution) using the
electric current monitoring method.49 As seen from Fig. 2(b), the
fluid shear rate is on the order of 10 s�1 (specifically 12 s�1 under
the threshold electric field, Eth = 205 V cm�1), which was used to
obtain from Fig. 1(b) the fluid viscosity of 50 ppm XG solution.
Along with the experimentally measured conductivity ratios in
Fig. 1(a), we calculated from eqn (5) the ratio of Rae,cr as 0.72,
indicating a smaller critical electric Rayleigh number in the shear
thinning fluid. In other words, our experiment demonstrates the
enhancing effect of fluid shear thinning on EKI, which is qualita-
tively consistent with the prediction of Hamid and Sasmal.47

However, the EKI waves in the shear thinning fluid flow are
visually weaker and less regular than in the Newtonian fluid
though they still seem to grow under higher electric fields. This
observation contrasts with what Hamid and Sasmal47 predicted in
their numerical simulation, which is probably due to the differ-
ences in viscosities and conductivity ratios between the two types
of fluids in our experiment.

Fig. 3 compares in two different forms the time evolution of
EKI waves between Newtonian 0 ppm XG (a) and shear thinning
50 ppm XG (b) solution flows under the electric field of
400 V cm�1. One form is the sequential images of the fluid
interface within a 0.5 s interval, from which we can track the
propagation of EKI waves from the onset (see the arrows on the
images in Fig. 3) and identify the (largest) amplitude during their
propagation. The EKI waves in the Newtonian fluid flow trans-
port faster with a smaller fluctuation of amplitude than in the
shear thinning fluid flow. The other form is the intensity plot of
the fluid interface at 600 mm away from the T-junction within a
20 s interval (only the data at 5–10 s are shown in the plots), from
which we can count the number of spikes and use it to
determine the temporal frequency of EKI waves. The intensity
plot for the shear thinning fluid flow reveals a larger deviation
from a typical periodic wave than that for the Newtonian fluid
flow. This phenomenon appears consistent with the observed
greater fluctuation in the amplitude of EKI waves in the former.

Fig. 4 compares the experimentally determined properties of
EKI waves in Newtonian 0 ppm XG and shear thinning 50 ppm

XG solutions under different electric fields. Fig. 4(a) shows the
wave speeds in the two fluids, each of which follows an
approximately linear relationship with the applied electric field.
The EKI waves propagate faster in the Newtonian fluid than in
the shear thinning fluid at each electric field, which is corre-
lated with the weaker electroosmotic flow in the latter because
of primarily the polymer-addition induced viscosity increase.50

Fig. 4(b) shows the wave amplitude (relative to the width of the
main branch), which also exhibits a linearly increasing trend
with the increasing electric field in each of the two fluid flows.
The EKI waves have a smaller amplitude in the shear thinning
fluid because of perhaps the stronger viscous dampening effect
therein. Fig. 4(c) shows the temporal frequency of EKI waves,
which increases slowly from around 3 Hz to slightly less than
4 Hz in the Newtonian fluid flow. This trend and range of
values is consistent with the convective EKI waves reported in

Fig. 4 Comparison of the experimentally determined propagation speed
(a), relative amplitude (to the channel width of the main branch) (b), and
temporal frequency (c) of EKI waves vs. electric field in Newtonian 0 ppm
XG and shear thinning 50 ppm XG solutions. The dotted lines are linear
trendlines fitted to the data points.
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both Chen et al.23 and our recent work.45 In contrast, the wave
frequency in the shear thinning fluid is lower and has only a
marginal increase under larger electric fields. Further studies,
especially numerical modeling, are needed to understand the
observed discrepancies in Fig. 4.

3.2. Effect of polymer concentration

Fig. 5(a) shows the experimental images of EKI waves when the
XG concentration varies from 0 to 150 ppm. Two trends are

noticed from these images that were each taken under their
respective threshold electric fields. The first trend is the con-
tinuously decreasing threshold electric field from nearly
300 V cm�1 in 0 ppm to approximately 100 V cm�1 in
150 ppm XG solution. This trend is believed to be a result of
at least three competing factors: (1) the increased shear thin-
ning effect of a higher-XG concentration solution in Fig. 1(b),
which promotes EKI as noted in the previous section; (2) the
decreased electric conductivity ratio between 2 and 0.2 mM

Fig. 5 Effect of XG concentration on the onset of EKI in shear thinning fluid flows: (a) experimental images of the fluid interface between 0.2 mM (dark)
and 2 mM (dyed) buffer solutions with various XG concentrations under respective threshold electric fields. The arrow on each image indicates where the
EKI waves first appear. The dashed lines highlight the channel walls, and the scale bar represents 200 mm; (b) plots for the ratio of Rae,cr in eqn (5) and
power-law index, n, in Fig. 1(b) vs. XG concentration. The lines are used to guide the eyes only.

Fig. 6 Comparison of the experimental images of EKI waves in 0.2 mM (dark) and 2 mM (dyed) buffer solutions with various XG concentrations (labeled
to the left of the images) under different above-threshold electric fields (labelled on top of the images). The dashed lines highlight the channel walls, and
the scale bar represents 200 mm.
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buffer solutions with a higher XG concentration in Fig. 1(a),
which reduces the electric Rayleigh number in eqn (1) and
hence suppresses EKI; (3) the increased fluid viscosity in Fig. 1(b),
which also reduces the electric Rayleigh number and in turn EKI.
The other trend viewed from the images in Fig. 5(a) is the gradual
shifting of the onset location of EKI toward the T-junction as the
XG concentration is increased from 0 to 25 ppm. For 50 ppm and
higher XG concentrations, EKI waves start appearing at the stagna-
tion point of the T-junction.

To examine how varying the XG concentration changes the
critical electric Rayleigh number, Rae,cr, we measured the
electroosmotic velocity, Ueo, of 2 mM buffer-based XG solutions
(with which the fluorescent dye was mixed) for electric fields
ranging from 100 to 500 V cm�1 like that in Fig. 2(b). The
obtained data (to be shown in Fig. 7(a) along with the propaga-
tion speed of EKI waves for the electric field of 400 V cm�1) were
then used to calculate the fluid shear rates in XG solutions
under respective threshold electric fields [labeled on the images
in Fig. 5(a)] for reading the fluid viscosities from Fig. 1(b).
Fig. 5(b) shows the ratio of Rae,cr calculated from eqn (5) for the
onset of EKI in shear thinning fluids with varying XG concen-
trations. Also shown in this figure is the power-law index, n,
obtained from Fig. 1(b). On one hand, increasing the XG
concentration from 0 to 150 ppm decreases the n value from
1 to 0.59 and hence enhances the fluid shear thinning effect.
On the other hand, it continuously decreases the ratio of Rae,cr

from 1 to 0.23 and hence promotes the onset of EKI in higher
XG concentration solutions. These results together further
validate our judge in the preceding section that fluid shear
thinning strengthens EKI in microchannel fluid flows with
conductivity gradients, consistent with the prediction of Hamid
and Sasmal.47

Fig. 6 compares the experimental images of EKI waves for
XG concentration ranging from 0 to 150 ppm under three
above-threshold electric fields. The wave speed, magnitude
and frequency all increase with the increasing electric field in
every solution like that demonstrated above in Fig. 4. These
wave properties, however, do not seem to vary monotonically
with the increase of XG concentration under the same electric
field. It is obvious from the images in Fig. 6 that the amplitude
of EKI waves exhibits a first decrease then increase trend with
the increase of XG concentration under each of the three
electric fields. The minimum wave amplitude takes place in
50 ppm XG solution. This observation is further supported by
the quantitative plots of the propagation speed, relative mag-
nitude and temporary frequency of EKI waves in Fig. 7(a), (b)
and (c), respectively. All these wave properties share a similar
first decrease then increase profile with respect to the XG
concentration under the electric field of 400 V cm�1. Moreover,
each of them in 150 ppm XG solution approaches that in the
XG-free Newtonian fluid. Such a non-monotonic tend of EKI
wave properties with increasing XG concentration is probably
due to the associated variations of fluid viscosity/shear thin-
ning effect in Fig. 1(b) and electroosmotic velocity in Fig. 7(a) as
well as electric conductivity ratio in Fig. 1(a). A numerical
analysis of EKI in shear thinning fluids under our experimental

conditions is needed for a better understanding of this
phenomenon.

It is to our surprise that the propagation speed of EKI waves
does not decrease monotonically with the increase of XG
concentration. As seen from Fig. 7(a), the electroosmotic velo-
city, Ueo, decreases with the increasing XG concentration,
dissimilar to the first decrease then increase trend of the
EKI wave speed. The consequence is that the wave speed nearly
catches the electroosmotic velocity of 2 mM buffer-based
150 ppm XG solution. However, as the electroosmotic flow
increases in lower-concentration buffer solutions,51 the wave
speed should be still smaller than the average of the electro-
osmotic velocities of the co-flowing XG solutions. More studies
are needed for an improved understanding of the above-
mentioned three competing factors (and perhaps other addi-
tional factors) that affect the threshold electric field and the

Fig. 7 Effect of XG concentration on the experimentally determined wave
properties of EKI under the electric field of 400 V cm�1: (a) propagation
speed along with the experimentally measured electroosmotic (EO) velo-
city of 2 mM buffer-based XG solutions, (b) relative amplitude (to the
channel width of the main branch), and (c) temporal frequency. The lines
are used to guide the eyes only.
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wave properties of EKI in different ways. It is also interesting to
test if further increasing the XG concentration beyond 150 ppm
will continue enhancing the wave properties and if the wave
properties in a shear thinning fluid flow can even surpass those
in a Newtonian fluid flow.

4. Conclusions

We have experimentally studied the effects of fluid shear thinning
on EKI in electroosmotic fluid flows with conductivity gradients
through a T-shaped microchannel. The addition of 50 ppm XG
polymer into high- and low-concentration Newtonian buffer solu-
tions is found to significantly lower both the threshold electric
field and the critical electric Rayleigh number for the onset of EKI,
indicating the enhancing effect of fluid shear thinning. However,
the propagation speed, amplitude and frequency of EKI waves are
all smaller in the shear thinning XG solution. Increasing the XG
concentration from 0 (i.e., Newtonian fluid) to 150 ppm continu-
ously decreases the threshold electric field and the critical electric
Rayleigh number. It also continuously shifts the onset location of
EKI waves upstream, which remains at the stagnation point of the
T-junction for 50 ppm and above XG solutions. In contrast, the
wave speed, amplitude and frequency all follow a first decrease
then increase trend with increasing XG concentration because of
the increased shear thinning, increased viscosity and decreased
conductivity ratio along with the influences of other potential
factors such as the decreased electroosmotic velocity. This research
enhances our understanding of how shear thinning behavior
in non-Newtonian fluids affects EKI in microchannel systems.
It offers insights for controlling EKI, which is essential for
developing microfluidic devices for precision mixing, particle
manipulation and biosensing etc. In future work we will conduct
experiments to investigate the instability in the electroosmotic
flow of a Newtonian and a shear thinning fluid with and
without conductivity gradients. We hope that our experimental
results presented here will stimulate more studies such as the
stability analysis of EKI23 and electroosmotic flow52 in non-
Newtonian fluids.
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