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Research Article

Electroosmotic flow of non-Newtonian
fluids in a constriction microchannel

Insulator-based dielectrophoresis has to date been almost entirely restricted to Newto-
nian fluids despite the fact that many of the chemical and biological fluids exhibit non-
Newtonian characteristics. We present herein an experimental study of the fluid rheolog-
ical effects on the electroosmotic flow of four types of polymer solutions, i.e., 2000 ppm
xanthan gum (XG), 5% polyvinylpyrrolidone (PVP), 3000 ppm polyethylene oxide (PEO),
and 200 ppm polyacrylamide (PAA) solutions, through a constriction microchannel under
DC electric fields of up to 400 V/cm. We find using particle streakline imaging that the
fluid elasticity does not change significantly the electroosmotic flow pattern of weakly
shear-thinning PVP and PEO solutions from that of a Newtonian solution. In contrast,
the fluid shear-thinning causes multiple pairs of flow circulations in the weakly elastic
XG solution, leading to a central jet with a significantly enhanced speed from before to
after the channel constriction. These flow vortices are, however, suppressed in the strongly
viscoelastic and shear-thinning PAA solution.
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� Additional supporting information may be found online in the Supporting Infor-
mation section at the end of the article.

1 Introduction

Insulator-based dielectrophoresis (iDEP) is an emerging tech-
nique that has been increasingly used to manipulate a vari-
ety of particles (e.g., cells, viruses, and DNA molecules) in
microfluidic devices [1–4]. It exploits the in-channel insu-
lating structures to generate electric field gradients for par-
ticle focusing [5, 6], trapping [7–9], patterning [10], enrich-
ment [11–13], sorting [14–17], etc. Compared to the traditional
electrode-based dielectrophoresis [18,19], iDEP microdevices
are easier to fabricate, inerter to electro-chemical reactions,
and less prone to fouling [1–4]. Moreover, as DC electric fields
can be used either alone or along with AC electric fields
to drive the particulate suspension via electroosmotic flow,
pressure-driven pumping (which involves moving parts) is
not needed for iDEP devices [20, 21].
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lamide; PDMS, polydimethylsiloxane; PEO, polyethylene ox-
ide; PVP, polyvinylpyrrolidone; XG, xanthan gum

The performance of iDEP is dependent on both parti-
cle DEP and fluid electroosmosis regardless of the particle
charge. The former motion is a strong function of the parti-
cle’s size, shape, and electric properties (i.e., conductivity and
permittivity) [22,23]. Its velocity can be controlled by shaping
the insulating structure or varying the electric field [24]. For
fluid electroosmosis, iDEP devices have thus far been almost
entirely restricted to work with Newtonian fluids [1–4]. The
insulating structures can cause electrothermal flow [25–31]
and/or induced charge electroosmotic flow [32–39] due to
the amplified Joule heating in the fluid around them and
their own electrical polarization, respectively [40, 41]. How-
ever, many of the chemical (e.g., colloidal suspensions and
polymer solutions) and biological (e.g., blood, saliva, and
DNA solutions) fluids are actually complex, exhibiting non-
Newtonian characteristics [42,43]. It is therefore important to
know if and how the fluid rheological properties may affect
the electroosmotic flow in iDEP devices.

As reviewed recently by Zhao and Yang [44], there
have been several dozens of theoretical (and numerical) pa-
pers on electroosmotic flow and particle electrophoresis in
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non-Newtonian fluids. Various constitutive equations [45–54]
have been used to simulate the fluid rheological properties.
In contrast, experimental studies in this direction have been
significantly lacking. Bryce and Freeman [55] observed an un-
stable electroosmotic flow of polyacrylamide (PAA) solution
through a constriction microchannel when the DC electric
field reaches a threshold value. This extensional instability
was, however, found [56] to not really enhance the electroos-
motic mixing. Lu et al. [57] reported an unexpected oscilla-
tion of polystyrene microparticles that travel along with the
electroosmotic flow of polyethylene oxide (PEO) solutions
through a constriction microchannel. They found in a later
paper [58] that particles traveling against the electroosmotic
flow experience no oscillations in the constriction and can be
focused toward the channel center. More recently, Pimenta
and Alves [59] investigated the electroosmotic flow of PAA
solutions through a cross-shaped microchannel. They ob-
served a direct transition from a steady symmetric flow to
a time-dependent asymmetric flow in both the cross-slot and
flow-focusing configurations.

We perform in this work an experimental study of the sole
and combined effects of fluid elasticity and shear thinning on
the electroosmotic flow of four types of polymer solutions in
a typical iDEP device, i.e., a constriction microchannel, via
submicron particle streakline imaging. The obtained elec-
troosmotic flow patterns are compared among the four types
of buffer-based polymer solutions as well as against that of a
Newtonian buffer solution. Moreover, the particle velocities
before and after the constriction under varying DC electric
fields are investigated.

2 Experiment

2.1 Microdevice

The iDEP microdevice was fabricated with polydimethylsilox-
ane (PDMS) using the standard soft lithography technique.
The detailed fabrication procedure is referred to our earlier
work [5]. The device contains a 40 �m-deep straight rectan-
gular microchannel with a 2D widthwise constriction in the
middle. The top- and side-walls of this channel are PDMS
while the bottom wall is glass. The main channel is 400 �m
wide and 1 cm long while the constriction is 40 �m wide
and 200 �m long. At each end of this channel, there is a 6-
mm diameter well (3-4 mm deep) that serves as the inlet or
outlet reservoir for the working fluid. Freshly prepared mi-
crochannels were used in any test of a new working fluid,
and were primed with pure water for 10 min to render the
surface property uniform and reproducible. Figure 1 shows a
top-view picture of this constriction microchannel.

2.2 Fluids

Five types of aqueous solutions were tested, among
which four are non-Newtonian fluids and the fifth is a

Figure 1. Top-view picture of an iDEP microdevice used in exper-
iments. The inset shows the dimensions of the widthwise con-
striction in the middle of a straight rectangular microchannel.

Newtonian fluid for the control experiment. They were
all prepared in 1 mM phosphate buffer (pH � 7.4) with
a measured electric conductivity of 200 �S/cm: (1) pure
buffer solution, Newtonian fluid; (2) 2000 ppm xanthan
gum (XG) solution (Tokyo Chemical Industry), weakly
elastic fluid with a strong shear-thinning effect [60]; (3)
5% polyvinylpyrrolidone (PVP) solution (molecular weight,
Mw = 360 kDa, Sigma–Aldrich), purely elastic fluid with a
negligible shear-thinning effect [61]; (4) 3000 ppm PEO solu-
tion ( Mw = 4 MDa, Sigma–Aldrich), viscoelastic fluid with
a weak shear-thinning effect [62]; (5) 200 ppm PAA solu-
tion (Mw = 18 MDa, Polysciences), strongly viscoelastic and
shear-thinning fluid [63]. Table 1 summarizes their rheolog-
ical properties (when the phosphate buffer is absent), which
are directly adapted from the literature due to the lack of
measuring equipment in our lab. As the concentration of
the added phosphate is low (46 ppm monosodium phosphate
and 179 ppm disodium phosphate), we assume the addition
of buffer does not significantly affect the fluid rheological
properties.

We employ two dimensionless numbers to characterize
the shear-thinning and elasticity effects of each of the pre-
pared solutions. The former is reflected by the power-law
index, n (Table 1). Note that n = 1 indicates a Newtonian
or Boger (i.e., purely elastic [64]) fluid. The smaller value of
n � 1, the stronger the shear thinning effect is (note: weakly
shear thinning if n ≥ 0.65 as suggested by Lindner et al. [65]).
The fluid elasticity effect is characterized by the elasticity
number, El , which is the ratio of the Weissenberg number,
Wi , to the Reynolds number, Re [66],

Re = 2� Vwc h

� (wc + h)
(1)

Wi = � �̇ = 2�V

wc
(2)

El = Wi

Re
= �� (wc + h)

�w2
c h

(3)

In the above, � is the fluid density, V is the average
fluid velocity in the constriction, wc is the constriction
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Table 1. Rheological properties and dimensionless numbers (where the subscript EK indicates the values were estimated using the
electrokinetic particle velocity at an average electric field of 250 V/cm) of the prepared solutions at 20°C. Also listed are the
measured electrokinetic particle mobility, �E K , electroosmotic fluid mobility, �E O, and electrophoretic particle mobility, �Ep, in
each solution. Note that the electric field direction is defined as the positive direction in the determination of mobility values

Solution Polymer concentration � (ms) �0 (mPa•s) n ReE K Wi E K E l �E K �E O �E p

(× 10−8 m2/V�s)

Buffer 0 0 1 1 0.12 0 0 –1.01 0.54 –1.55
XGa) 2000 ppm �0 3680 0.34 0.006 0 �0 –1.18 0.75 –1.93
PVP

b)
5% 2.2 28 �1 0.0043 0.33 77.0 –1.24 0.06 –1.30

PEO
c)

3000 ppm 2.6 7.9 0.81 0.017 0.39 23.0 –1.29 0.14 –1.43
PAA

d)
200 ppm 95 22 0.377 0.032 14.25 449.4 –1.15 1.82 –2.97

a) Japper-Jaafar et al. [60]; b) Liu et al. [61]; c) De Santo et al. [62]; d) Poole and Escudier [63].

Table 2. Parameters involved in the Carreau–Yasuda model for
estimating the viscosity of the prepared XG, PEO, and
PAA solutions (without the phosphate salt, estimated at
20°C)

Solution Time
constant, �C Y

Fitting
parameter, a

Infinite shear
viscosity, �∞

XGa) 21.5 s 0.81 2.24 mPa•s
PEO

b)
6.3 ms 1.15 0

c)

PAA
d)

0.551 s 0.623 2.62 mPa•s

a) Japper-Jaafar et al. [60]; b) De Santo et al. [62]; c) Not the real
value of �∞ for the PEO solution, extracted from the formula
(S1) in the Supplemental Material of De Santo et al. [62]; d)
Poole and Escudier [63].

width, h is the microchannel height, � is the fluid viscos-
ity evaluated at the average shear-rate inside the constric-
tion, �̇ = 2V/wc , and � is the fluid relaxation time. Note
that a larger value of El � 1 indicates a stronger elasticity
effect.

For the pure buffer and PVP solutions with a negligible
shear-thinning effect, � is equal to the zero-shear-rate fluid
viscosity, � = �0 (Table 1). For the shear thinning XG, PEO,
and PAA solutions, � is shear-rate dependent and estimated
using the Carreau–Yasuda model [67] at the average fluid
shear rate in the channel constriction, �̇ ,

� − �∞
�0 − �∞

=
[
1 + (

�CY �̇
)a

](n−1)/a
(4)

where �∞ is the infinite-shear-rate viscosity, �CY is a time
constant, and a is a fitting parameter (see their values in
Table 2). The estimated values of Re , Wi , and El at an aver-
age electrokinetic particle velocity in the constriction of the
microchannel, V = 3 mm/s (or equivalently 0.3 mm/s in
the main channel), are presented in Table 1. This reference
velocity was estimated using the measured particle speed at
an average electric field of 250 V/cm over the channel length,
which is a typical value in all our tests except the PAA solu-
tion. We note that the electroosmotic flow of non-Newtonian
fluids is essentially inertialess because Re � 0.1.

2.3 Method

Fluorescent polystyrene spheres of 0.5 �m diameter (Bangs
Laboratories) were used as tracers (107-108 particles per mL)
to visualize the flow pattern of the prepared non-Newtonian
and Newtonian fluids. A high-voltage DC power supply
(Glassman High Voltage Inc.) was used to generate the elec-
troosmotic flow through platinum electrodes that were in-
serted into the liquid of the end-channel reservoirs. The av-
erage electric field magnitude (equal to the imposed voltage
drop divided by the overall 1 cm channel length) was kept no
more than 400 V/cm (note the electric field at the constric-
tion is roughly ten times this value) to minimize the effect
of Joule heating [68]. The motion of tracing particles was
recorded through an inverted fluorescent microscope (Nikon
Eclipse TE2000U, Nikon Instruments) equipped with a CCD
camera (Nikon DS-Qi1Mc). The captured images were pro-
cessed using the Nikon imaging software (NIS-Elements AR
2.30).

Particles were observed to move against the electric field
direction in all tests. Their velocities before and after the chan-
nel constriction (at least a few channel widths away from the
constriction) were obtained using the particle tracking ve-
locimetry (i.e., particle velocity is equal to the particle’s trav-
elling distance divided by the time span of measurement)
for only those particles that were traveling along the channel
centerline. It is important to note that the observed electroki-
netic motion of particles is a superposition of fluid electroos-
mosis and particle electrophoresis. We assume particle elec-
trophoresis follows the electric field line, which, according
to Zhao and Yang [44], is reasonable for thin electric dou-
ble layers (10 nm thick in 1 mM buffer) and small particles
that are not too close to any boundaries. The electrokinetic
mobility, �E K , was determined from the slope of the linear
trendline of the experimentally determined particle velocities
vs. electric field. As the average electric field was used in this
analysis, the obtained electrokinetic mobility values are only
approximations to the real values. The electroosmotic veloc-
ity in each prepared solution was measured by tracking the
front of neutral Rhodamine B dyes (Sigma–Aldrich, 50 �M)
with time. This velocity divided by the average electric field
gives the electroosmotic mobility, �E O . The electrophoretic
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Figure 2. Electroosmotic flow of Newtonian buffer solution
through a constriction microchannel. The upper-row and lower-
left panels show the streak images of tracing particles under the
DC electric fields of 100, 200, and 400 V/cm, respectively. The
lower-right panel shows the numerically predicted electric field
lines (similar to fluid streamlines) and contour (the darker color,
the larger magnitude). The block arrow indicates the moving di-
rection of tracing particles, which is against the electric field di-
rection.

particle mobility, �E P , was then estimated from �E K − �E O .
These obtained mobility values in each solution are presented
in Table 1.

3 Results and discussion

3.1 Newtonian buffer solution

Figure 2 shows the top-view images of tracing particles in the
electroosmotic flow of Newtonian buffer solution (n = 1 and
El = 0) through the constriction of the microchannel. Nearly
symmetric streaklines are observed before and after the con-
striction when the DC electric field is varied from 100 V/cm to
400 V/cm. They are consistent with the numerically predicted
electric field lines (obtained from a 2D COMSOL

R©
model,

see the Supporting Information for the modeling detail) in
Fig. 2, which are similar to the fluid streamlines in a purely
electroosmotic flow [26]. This phenomenon indicates that the
lateral migration of the tracing particles due to DEP or iner-
tial lift is insignificant because of the small particle size and
small particle Reynolds number [69]. The average electroki-
netic particle velocity along the channel centerline remains
unvaried before and after the channel constriction, and in-
creases linearly with the applied electric field (see Supporting
Information Fig. S2). The obtained electrokinetic particle mo-
bility is about 1.0 × 10−8 m2/(V�s).

3.2 Weakly elastic shear-thinning XG solution

Figure 3 shows the images of tracing particles in the electroos-
motic flow of 2000 ppm pseudoplastic XG solution (n = 0.34

Figure 3. Electroosmotic flow of 2000 ppm XG solution through
the channel constriction. The left panel shows the zoom-in view of
the streak image of tracing particles under a 100 V/cm DC electric
field, where the block arrow indicates the overall particle moving
direction through the channel and the arrowed loops highlight
the local fluid circulations. The upper-right and lower-right panels
show the particle images under the electric fields of 200 and 400
V/cm, respectively, where the highlighted angles, 	 and 
, on the
upper-right image measure the opening angles of the fluid jet
before and after the channel constriction, respectively.

and El ∼ 0) through the constriction microchannel. Un-
der an electric field of 100 V/cm, we observe three pairs of
counter-rotating fluid circulations that are highlighted by the
arrowed loops in Fig. 3 (left panel). The two pairs after the con-
striction both appear near the corners (the onset of the larger
pair of vortices is at the electric field of around 25 V/cm while
the onset of the smaller pair is at 65 V/cm) and are adjacent
to each other with opposing rotating directions. In contrast,
the pair of fluid circulations before the constriction first ap-
pears near the lips of the constriction (at the electric field of
nearly 100 V/cm) and then extends toward the corners with
increasing electric field. Their sizes and strengths both grow
as the electric field increases from 100 V/cm to 400 V/cm.
Meanwhile, the formation of these fluid circulations is accom-
panied by a fluid jet (more precisely, a jet of particles) along
the channel centerline. Moreover, due to the conservation of
mass, the fluid jet has different velocities before and after the
constriction as a result of the size and strength differences
in the fluid circulations therein. This can be viewed from the
distinct opening angles of the fluid jet, 	 and 
, before and
after the channel constriction as highlighted on the image in
Fig. 3 (upper-right panel).

Figure 4A compares the measured electrokinetic veloc-
ities of tracing particles along the channel centerline before
and after the constriction. Both velocities increase with in-
creasing electric field, whose relationships can each be fitted
well to a positive-power trendline. It is important to note that
we select the power-law fit because it represents the simplest
and best fitting to the experimental data points. The ratio-
nale behind such a selection is currently unverified though it
should be associated with the fluid shear thinning effect. We
will perform in our future work a comprehensive experimen-
tal and numerical study of the parametric effects on electroos-
motic flow of XG solutions in constriction microchannels. As
viewed from the equations of the trendlines in Fig. 4A, the
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Figure 4. Electric field effect on the velocity of tracing particles
(only those along the centerline of the channel were tracked) (A),
and the opening angles (see the highlighted angles, 	 and 
, on
the image in Fig. 3) of the fluid jet (B) in the electroosmotic flow of
2000 ppm XG solution before and after the channel constriction.
All symbols (with error bars) represent the experimental data
measured from the images in Fig. 3. The dotted lines represent
the power trendlines (both the equation and the R2 value of each
trendline are displayed on the charts) that are best fitted to the
experimental data points.

particle velocity after the constriction has a higher power in-
dex, leading to an increasingly large gap from that before the
constriction as the electric field increases. Such variations are
consistent with those in the opening angles of the fluid jet
before and after the constriction in Fig. 4B. Specifically, each
opening angle decreases with the increase of electric field
in the form of a negative-power trendline, leading to an en-
hanced fluid velocity in the form of a positive-power trendline
(Fig. 4A). Moreover, the opening angle after the constriction
is not only smaller but also decreases more quickly than that
before the constriction, which explains why the fluid veloc-
ity after the constriction becomes increasingly larger under a
higher electric field in Fig. 4A. The mechanism behind the
formation of fluid circulations and central fluid jet is cur-
rently unclear, which is believed to be associated with the
strong shear-thinning effect of the XG solution.

3.3 Viscoelastic PVP and PEO solutions with

negligible or weak shear-thinning effects

As viewed from the listed values of the power index, n, and
elasticity number, El , in Table 1, 5% PVP and 3000 ppm

Figure 5. Top-view streak images of tracing particles in the elec-
troosmotic flow of 5% PVP (A) and 3000 ppm PEO (B) solutions
through the channel constriction under varying DC electric fields.
The bright zone at the mouth of the constriction on the bottom-
right image is a result of the locally enriched tracing particles. The
block arrows indicate the moving direction of tracing particles.

PEO solutions exhibit comparable elasticity (especially, their
Weissenberg numbers are nearly identical and of the order of
1) and shear-thinning (n � 0.8) effects. Therefore, their elec-
troosmotic flow patterns in the constriction microchannel are
expected to be similar as demonstrated by the streaking im-
ages in Fig. 5. Interestingly, these images are not visually
different from those in the Newtonian buffer solution under
varying DC electric fields in Fig. 2. Such a similarity may sug-
gest that the fluid elasticity effect alone does not strongly affect
the electroosmotic flow pattern. The measured electrokinetic
mobility of tracing particles is around 1.25 × 10−8 m2/(V�m)
in both the PVP and PEO solutions (see Supporting Infor-
mation Figs. S3 and S4), which is 25% more than that in
the pure buffer solution. This is surprising considering the
fact that the viscosities of the two viscoelastic solutions are
both significantly larger than that of the buffer solution (Table
1). One potential reason is the polymer-induced variation of
zeta potential [70], and another is the formation of near-wall
polymer-depleted skimming layer [71].

However, there is one exception in the PEO solution,
where the tracing particles are seen to accumulate at the
mouth of the channel constriction under the electric field of
400 V/cm (and higher) in Fig. 5. This phenomenon was not
observed in any other prepared solutions in our experiments.
We also tested the electroosmotic flow of 1000 ppm PEO so-
lution (data not shown), which is less viscous and less shear
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thinning than 3000 ppm, under the identical experimental
conditions. Accumulation of tracing particles was still ob-
served when the applied DC electric field was increased to
600 V/cm (and higher). We therefore tend to think that there
might be a formation of some sort of gels inside the channel
constriction under large electric fields, which significantly
slows down the entering particles (the measured electroki-
netic mobility drops by half compared to the two lower elec-
tric fields in Fig. 5) for a dielectrophoretic trapping. It is noted
that a buildup of crystallized PEO strands has been reported
to occur at the reentrant corner of a contraction channel in a
pressure-driven flow with a moderate Reynolds number [72].
We are unsure if there are any similarities between these two
observations.

3.4 Strongly viscoelastic and shear-thinning PAA

solution

Figure 6 shows the streakline images of tracing particles in
the electroosmotic flow of 200 ppm PAA solution (n = 0.377
and El � 1) through the channel constriction. Under a DC
electric field of 200 V/cm (note this value was found to vary be-
tween experiments, although the overall trend remains simi-
lar to Fig. 6) or higher, we observed the formation of a large
gel before the constriction that captured most of the particles
(lower-right image in Fig. 6). However, the few particles that
escaped from the gel could still pass through the constriction.
The formation of such gelled rafts in PAA solution under
high electric fields has also been reported previously [54, 58].
Under the electric fields of less than 200 V/cm, the tracing
particles before the constriction appear to move a little slower
than after it. Similar to the observation in the XG solution in

Figure 6. Top-view streak images of tracing particles in the elec-
troosmotic flow of 200 ppm PAA solution through the channel
constriction under varying DC electric fields. The highlighted an-
gle, 
, on the lower-left image measures the opening angle of the
central fluid jet after the channel constriction. The majority of the
particles are captured by a large gel formed before the constric-
tion under the electric field of 200 V/cm. The block arrow indicates
the particle moving direction.

Figure 7. Electric field effect on the measured velocity of trac-
ing particles (only those along the centerline of the channel were
tracked) (A), and the measured opening angle (see the highlighted
angle, 
, on the image in Fig. 6) of the fluid jet (B) in the elec-
troosmotic flow of 200 ppm PAA solution through the channel
constriction. All symbols (with error bars) represent the experi-
mental data measured from the images in Fig. 6. The dotted lines
represent the quadratic polynomial trendlines (both the equation
and the R2 value of each trendline are displayed on the charts)
that are best fitted to the experimental data points.

Fig. 3, this phenomenon seems to be also associated with the
formation of a central fluid jet after the constriction as high-
lighted by the angle, 
, in Fig. 6 (lower-left image). However,
the fluid jet before the channel constriction is not obvious
and no fluid circulations occur anywhere, which are different
from the observations in the nearly equally shear-thinning
XG solution in Fig. 3.

Figure 7A compares the measured electrokinetic parti-
cle velocities along the centerline before and after the con-
striction of the microchannel. Both velocities first increase
(�150 V/cm) and then decrease (up to 200 V/cm) when the
DC electric field is increased. However, the particle velocity
after the constriction has a larger magnitude than before the
constriction, for which each trend can be fitted well to a neg-
ative quadratic (i.e., second order) polynomial function (see
the trendlines on the chart, where the data points at 200 V/cm
are excluded). This phenomenon is related to the variation of
the opening angle, 
, of the fluid jet after the channel con-
striction, which is well fitted to a positive quadratic trendline
in Fig. 7B. We again note that the quadratic fit represents
the simplest and best fitting to the experimental data points.

C© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com



Electrophoresis 2019, 40, 1387–1394 Miniaturization 1393

The rationale for this selection is still unknown, although it
is definitely related to the strong shear thinning and elasticity
effects of the PAA solution.

4 Concluding remarks

We have conducted a comprehensive experimental study of
fluid rheological effects on the electroosmotic flow of five
types of aqueous solutions through a constriction microchan-
nel. It is found that the weakly shear-thinning, viscoelastic
PVP and PEO solutions exhibit a very similar electroosmotic
flow pattern to the Newtonian buffer solution. This similarity
may indicate that the fluid elasticity alone has an insignifi-
cant impact on the steady-state electroosmotic flow pattern.
In contrast, the fluid shear-thinning effect alone is found to
cause three pairs of counter-rotating fluid circulations in the
weakly elastic XG solution near the entry and exit corners of
the channel constriction. These vortices further lead to the
formation of a central fluid jet whose velocity is significantly
increased from before to after the constriction and correlated
well with the opening angle due to the conservation of mass.
Such electric field-dependent phenomena are not observed
in the strongly viscoelastic and shear-thinning PAA solution.
It is important to note that the polymer chemistry, which is
not discussed in the current work, may also play a role in the
electroosmotic flow of non-Newtonian fluids [44]. We hope
this work will stimulate more experimental and theoretical
studies in the future.

This work was supported in part by NSF under Grant No.
CBET-1704379 (X.X.).
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