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Electrorheoimaging of a nonequilibrium emulsion: Microstructures
and multistate switchable viscosities
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Complex fluids such as colloids and emulsions are ubiquitous in biopharmaceuticals, manufacturing, and the
oil industry, but controlling their viscosity can pose a significant challenge. Low viscosities are ideal for mixing,
high viscosities are helpful for pharmaceuticals, and switchable viscosities are useful for smart materials. One
strategy to make multipurpose fluids is to make nonequilibrium modifications to the microstructure of colloids
and emulsions using external fields, which can result in emergent changes in their rheological characteristics.
We introduce an experimental technique, electrorheoimaging (ERI), which directly visualizes microstructure
during rheological measurements while simultaneously applying an electric field. We also introduce a continuous
phase that lowers electrohydrodynamic thresholds and enables experiments at modest field strengths, revealing
behaviors previously inaccessible in laboratory settings. Using this combination of technique and material
design, we observe shear-induced banding that only appears in the presence of electric depending on the
frequency of the electric field, at either high or low shear rates. These microstructural transitions produce
dramatic, reversible viscosity modulation—not only increases, but also decreases, including negative intrinsic
viscosities. Frequency control enables instantaneous switching among multiple effective viscosities spanning a
30-fold range, establishing ERI as a powerful tool for probing and controlling rheology in field-responsive soft
materials.
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I. INTRODUCTION

The present work focuses on electric-field-responsive
emulsions. Electric-field control of droplets is of interest for
a range of applications, from microfluidic control [1,2] to
coalescence of water drops in crude oil [3,4] to atomiza-
tion into tiny charged droplets for printing applications [5].
The application of a dc electric field on a single liquid drop
dispersed in an immiscible, weakly conducting (“leaky”) di-
electric liquid leads to steady flows within and around the
drop [6–9], with a sensitive dependence on the conductivities,
dielectric constants, and viscosities of the two fluids [10,11].
When many drops interact collectively, electrohydrodynamics
(EHD) leads to emergent behavior that can be used to make
field-responsive oil-in-oil emulsions, which exhibit ordered,
disordered, static, or dynamic droplet structures as a function
of the amplitude and frequency of an applied electric field
[12,13].

While the electrorheological (ER) dipolar response to elec-
trostatic forcing has been examined for decades in particulate
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suspensions [14–16] and emulsions [17,18], and dynamical
forcing has been examined in magnetic fields [19], the elec-
trodynamic effect on rheological response has been much less
studied, although early indications of a field-induced reduc-
tion in effective viscosities, a “negative ER effect,” were likely
EHD-related [20]. EHD interactions [O(a2/r2)] are longer-
ranged than dipolar forces [O(a4/r4)], where a is the droplet
radius and r is the separation distance between droplet centers.
This results in a range of distance-dependent behaviors for
pairs of droplets [21,22], with “predator-prey”like dynamics
due to nonreciprocal electrohydrodynamic interactions [23].
Electric-field effects on emulsion flow have only been studied
to a limited extent experimentally [17,18,24,25], numerically
[26], and analytically [27,28].

Combining rheological response with imaging can yield in-
sights into structure-property relations in soft matter [29,30].
This work is admittedly broad in scope. First, we introduce
a technique, electrorheoimaging (ERI), that combines elec-
trical forcing, rheological response, and imaging. The ERI
setup enables direct, real-time visualization and control of
droplet dynamics, and emulsion viscosity under applied elec-
tric fields. Second, we present an emulsion system composed
of castor oil dispersed in motor oil: Its material parameters are
such that we lower the threshold for drop breakup and droplet
dynamics behavior, making experiments feasible at high forc-
ing. The above two constitute a methodology. Third, with
this methodology, we observe a phenomenon: two kinds of
shear-banding instabilities under electric field stimulation, and
frequency-controlled and reversible viscosity modification.
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FIG. 1. Schematic and sample images of ERI setup. (a) Electrical contact is made with the high-voltage wire (I, red) attached to the rotating
top plate, and the ground wire (I, blue) attached to the fixed bottom plate. The sample is simultaneously illuminated (II) azimuthally from the
side. Imaging is performed from the bottom with a camera and macro lens (III) mounted on an axis off-centre with respect to the rheological
axis. (b) High magnification: the smallest droplet that can be resolved has a radius of around 30μm. (c) Low magnification: a magnification that
allows imaging an entire quarter-disk region of interest (QD-ROI). (d) Cropped selections of QD-ROI views, at zero electric field, of elongation
of droplets along the direction of rotation under no shear (left) and a shear rate of 50 s−1 (right). (e) QD-ROI views at E = 3.7 V/μm: droplets
break into smaller droplets, visible as a bright cloud of droplets over a dark background.

II. METHODOLOGY

A. The ERI technique

To directly observe structure-property relationships in
emulsions under electric fields, we developed an integrated
imaging and rheology platform: ERI. This approach enables
simultaneous visualization of microstructure and measure-
ment of rheological properties in real time—providing a direct
window into the system’s dynamic response.

Figure 1 outlines the ERI setup and demonstrates its
spatial resolution and imaging performance. As shown in
Fig. 1(a), the system is built around a stress-controlled rota-
tional rheometer (Anton Paar MCR 301). The top plate is a
50-mm diameter stainless steel parallel plate probe, isolated
using a Teflon spacer, while the bottom plate is replaced with
a transparent, electrically conductive ITO-coated glass disk of
the same diameter. Electrical contacts were carefully config-
ured to prevent interference with shear stress measurements
(see Sec. VI in the Supplemental Material [31] for details),
requiring optimized wiring, as shown in Fig. S1 in the Supple-
mental Material [31]. A PCO Edge 4.1 camera equipped with
a macro lens [item III in Fig. 1(a)] was mounted on a three-
axis translation system that was constructed in-house. Section
II in the Supplemental Material [31] discusses the illumination
in detail. As shown in Fig. S2 in the Supplemental Material
[31], the sample was illuminated from the side to minimize
reflections off the stainless steel top plate. This approach is
akin to dark-field microscopy, e.g., the majority of incident
light on the sensor is composed of scattered light from the
sample. The dispersed phase was dyed to be darker compared
to the suspending medium, resulting in bright droplets on a
dark background [Figs. 1(b), 1(d), and 1(e)].

Utilizing this optical setup, the minimum observable
droplet radius was approximately 30μm [Fig. 1(b)]. Collec-
tive behaviors were examined globally by imaging a region
of interest corresponding to a quarter of a disk, which we
refer to as QD-ROI [Fig. 1(c)], which provided a wider view

angle at the expense of smaller magnification compared to
Fig. 1(b). QD-ROI enables us to connect collective behav-
iors with rheological signature under simultaneous shear and
electric stimulation. In this configuration, the minimum dis-
cernible droplet radius was approximately 50μm, allowing
for the observation of elongation of drops in the presence
of shear [Fig. 1(d)] as well as fragmentation induced by an
electric field, and reorganization into distorted cloudlike struc-
tures, in the presence of shear [Fig. 1(e)].

B. An emulsion with low EHD thresholds

To ensure that ERI experiments can be carried out safely
and reproducibly across a wide range of electric fields,
one needs an emulsion system where the voltage threshold,
required to trigger EHD flows, is low. This is a materials chal-
lenge. To address this, we formulated an emulsion consisting
of castor oil droplets dispersed in motor oil, denoted [Ca:Mo].
Details of the sample materials are given in the Materials sec-
tion (Appendix). A key advantage of the [Ca:Mo] system is its
remarkably low threshold for characteristic EHD phenomena
(due to the relatively higher conductivity of the motor oil).
Prior work with silicone oil:castor oil ([Si:Ca]) emulsions re-
ported droplet coalescence at approximately 5 V/μm (dc), and
breakup at E ∼ 10 V/μm for drops of radius a ∼ 10μm. In
contrast, our microscopy experiments using the cell geometry
[Fig. 7(a) in Appendix] reveal that [Ca:Mo] droplets begin to
coalesce at just E = 0.75 V/μm (dc), as shown in Appendix
Fig. 7(b). Droplet breakup follows at a significantly reduced
field of E = 3.6 V/μm (dc) [see Fig. 7(c) in Appendix].

This dramatic reduction in field thresholds makes ERI tests
feasible due to an eight-fold decrease in the electric field
intensity E2 and thus a decrease in propensity for dielectric
breakdown, which can damage the stainless steel rheometer
plate.

The regime of response of an emulsion can be evaluated
by comparing fluid shear, electric dipolar forces, and capillary
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FIG. 2. dc electric fields: viscosity and field-induced banding. (a) At zero field (black dots) (E = 0), a modest degree of shear thinning was
observed, with ηeff decreasing from 0.19 to 0.13 Pa s over the shear rate ¯̇γ window from 1 to 600 s−1. At E = 0.75 V/μm (dc), coalescence-
driven layering and accumulation of castor oil on the edge slightly increases ηeff at low shear. The application of a dc field with E = 3.7 V/μm,
blue curve (E = 5.2 V/μm, orange curve) results in a qualitative change, i.e., a nonmonotonic dependence of ηeff on ¯̇γ : shear thinning from
0 to 21.6 (27.8) s−1, and a noticeable increase in ηeff above 21.6 (27.8) s−1. Snapshots at (b) E = 3.7 V/μm and (c) E = 5.2 V/μm, at ¯̇γ = 0,
21.6, and 600 s−1, show that the onset of banding at and above 21.6 s−1 (27.7 s−1) correlates with the shear-rate regime of viscosity increase.

forces. Two useful parameters are the Mason number

Mn = (3N + 2)η2 ¯̇γ

6(N + 1)κ2ε0β2E2
, (1)

the dimensionless ratio of the viscous and electrical force
[26,32], and the electric capillary number

CaE = κ2ε0β
2E2a

γint
, (2)

the dimensionless ratio between electric forces and the restor-
ing interfacial tension acting on a drop [26,33]. In the above,
N is the viscosity ratio, β = κ2−κ1

κ2+2κ1
is the Clausius-Mosotti

factor, and γint is the interfacial tension. In our system (pa-
rameters in Eq. (A1) in the Materials section of the Appendix),
CaE > 1 upon initial field application, thus resulting in drop
breakup. The Mason number for our system is Mn = 0.054

¯̇γ
E2

with the shear rate ¯̇γ expressed in s−1 and E in V/μm.
Depending on the ¯̇γ values, Mn ranges from 0.001 (electrical
forces dominate) to above 1 (viscous forces dominate).

III. NEW PHENOMENA

Having established an experimental platform (ERI) and an
emulsion system with lower electric field thresholds, in the
next section we examine new phenomena in dc and ac electric
fields including negative intrinsic viscosities and a frequency-
dependent effective viscosity, and culminating in the design
of a multistable frequency-controlled viscosity switch.

A. dc fields: viscosity and field-induced banding

Experiments in dc fields reveal striking rheological re-
sponse, previously unreported: a combination of shear thin-
ning and decreased intrinsic viscosity on one hand, and the
emergence field-induced bands in the spatial structure of the
sheared emulsion on the other.

Shear thinning and negative intrinsic viscosity: In the
absence of an electric field (E = 0), the emulsion exhibits
shear-thinning behavior, with the effective viscosity ηeff

[black dots in Fig. 2(a)] decreasing from 0.19 to 0.13 Pa s as
the average shear rate ¯̇γ increases from 1 to 600 s−1. Since
the shear rate in a parallel-plate geometry varies radially, we
report average values, while local variations in shear rate are
illustrated in Figs. 2(b) and 2(c).

In the presence of a modest dc field [E = 0.75 V/μm,
with conditions identical to those in Fig. 7(b)], EHD flows
enhance coalescence of drops, and there is much stronger
shear-thinning behavior at low shear rates ( ¯̇γ < 5 s−1) fol-
lowed by more modest shear thinning for ¯̇γ = 5–600 s−1. This
is shown in the purple curve in Fig. 2(a). The (dimensionless)
intrinsic viscosity for particles in a fluid at volume fraction φ

[34] measures the effect of particles on the effective viscosity
of the medium:

[η] = (ηeff/η2 − 1)/φ, (3)

where, in our system, η2 = 0.149 ± 0.002 Pa s is the motor
oil viscosity. The Einstein value for [η] is 5/2 = 2.5, which
means that ηeff increases by 25% above the medium viscosity
when φ = 0.1. We verified that there is indeed a linear depen-
dence of ηeff on φ [implied by Eq. (3)] for 0.016 < φ < 0.25.
The intrinsic viscosity can be below the classical Einstein
value for dilute emulsions of noninteracting droplets [27]. For
the quiescent [Ca:Mo] emulsion (i.e., zero electric field and
in the zero-shear limit), at a castor oil droplet volume fraction
φ = 0.091, ηeff ≡ η0 = 0.19 Pa s. Using the motor oil viscos-
ity η2 = 0.149 ± 0.002 Pa s, we obtain an intrinsic viscosity
[η] = 3.0, which is higher (not lower) than the Einstein value.
As the field E is increased, ηeff at ¯̇γ = 1 s−1 decreases and at
E = 5.2 V/μm, it is below the value of η2, i.e., the intrinsic
viscosity [η] is negative.

For stronger dc fields of E = 3.7 and 5.2 V/μm (blue and
orange curves, respectively, in Fig. 2(a), respectively), there is
a minimum in ηeff at ¯̇γ = 20–30 s−1 (indicated by inverted
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green triangles). Notably, for modest ¯̇γ at E = 5.2 V/μm
(dc), ηeff is well below that of the zero-field emulsion, i.e.,
ηeff < η2 and [η] < 0. On the other hand, at very low shear
rates and at E = 0.75 V/μm, field-induced coalescence cre-
ates castor-oil-rich layers at the electrodes, slightly elevating
ηeff by effectively reducing the motor-oil gap. A small addi-
tional increase may come from castor oil collecting near the
plate edges. These artifacts disappear at higher fields, where
EHD-driven breakup prevents segregation and the emulsion
remains homogeneous.

Banding. Figures 2(b) and 2(c) show QD-ROI images at
dc fields E = 3.7 and 5.2 V/μm, and at low (inverted black
triangles, ¯̇γ = 1 s−1), intermediate (inverted green triangles,
∼20 s−1), and high (inverted red triangles, ¯̇γ = 600 s−1) shear
rates. At intermediate ¯̇γ , we see the emergence of sharp
variations in image brightness (bright and dark bands that
arise from light scattering in the presence of droplet density
variations) as a function of radial distance from the center
in Figs. 2(b) and 2(c): These bands are highlighted in the
insets of small ROIs shown on the right of the figures. In
the breakup regime (3.7 V/μm and above), there is a strong
correlation, over several replicates of each experiment, be-
tween an increase in viscosity and band formation. Movie 1
in the Supplemental Material [31] illustrates the emergence of
banding during a shear-rate ramp from 21.6 to 600 s−1 at E =
3.7 V/μm dc [corresponding to the blue curve in Fig. 2(a)].

A small subset of these results have been previously ob-
served, for example, in a computational study [26], carried
out for an emulsion in a dc electric field with CaE � 1,
which exhibited strong, monotonic shear-thinning behavior
due to the formation of droplet chains (also referred to in
the literature as columns) at low Mn. This result is consistent
with our observations at low CaE and Mn. However in our
experiment, we also access the drop breakup regime, where
ηeff first decreases at low ¯̇γ , but then increases unexpectedly at
higher ¯̇γ . Possible mechanisms for this phenomenon, coupled
with the diffuse banding observed at high shear rates in the
EHD regime, are addressed in Sec. IV.

B. ac fields: nonmonotonic frequency-dependent
viscosity and microstructure regimes

Electrohydrodynamics is strongly frequency dependent.
The Clausius-Mosotti factor [35] β in the dipolar force
(Fdipolar ∼ β2E2) [26] is roughly frequency independent in
the range of our experiments (dc, 500 Hz), while EHD gets
weaker with increasing frequency so that the interactions
should cross over from EHD-dominated to dipolar-dominated
with increasing frequency. In the framework of leaky-
dielectric EHD [7,10], the onset of EHD flow depends
on material property ratios between the dispersed (inner)
and continuous (outer) phases: conductivity H = σE ,1/σE ,2,
permittivity S = κ1/κ2, and viscosity N = η1/η2. Under ac
stimulation, there is a transition between oblate drop defor-
mation (in the low-frequency EHD regime) and prolate drop
deformation above a critical frequency fc, which is a func-
tion of H , S, and N [10]; this critical frequency exists when
S
H � 1 + (5H (1 + N )(1/H − 1)2)/(16 + 19N ).

We investigated the frequency response of the emulsion
via microscopy and ERI experiments between 0 and 500 Hz.

Each experiment was performed in a 270μm cell using the
[Ca:Mo] emulsion at a fixed volume ratio of 1:10. Sinusoidal
ac fields with an rms amplitude of Erms = 3.7 V/μm were
applied at 18 distinct frequencies ranging from 0.25 to 500 Hz.
For comparison, each run also included control measurements
under dc fields with E = 3.7 V/μm as well as for E = 0.

These experiments revealed three distinct frequency
regimes, each marked by characteristic flow behaviors and
structural responses, with largely reversible transitions be-
tween them. In regime I ( f < 10 Hz), strong EHD flows lead
to negative intrinsic viscosity and enhanced shear thinning.
At high frequencies (regime III, f > 60 Hz), EHD forces are
much weaker than the field-induced dipolar forces, which
lead to the formation of droplet chains aligned along the
field direction, accompanied by an apparent yield stress and
a pronounced increase in viscosity. Regime II is a transitional
regime at intermediate frequencies (10–30 Hz) where EHD
flows are strong enough to generate weak flows that increase
droplet coalescence.

Figure 3(a) shows the behavior of ηeff as a function of ¯̇γ
in ac fields, for a few landmark frequencies at 2 Hz (regime
I), 10 and 30 Hz (regime II), and 60 and 500 Hz (regime III).
Shown for comparison is the effective viscosity at zero field,
which shows a modest degree of shear thinning as a function
of ¯̇γ . It should be noted that this arises from a shear stress σ

versus ¯̇γ that is nearly linear, i.e., showing nearly Newtonian
behavior (the dotted line with a slope close to 1 on the log-log
plot in Fig. S3 in the Supplemental Material [31]).

In Fig. 3(b), ηeff at a low shear rate ¯̇γ ∼ 1 s−1 (and Erms =
3.7 V/μm) is plotted as a function of frequency: ηeff decreases
from 0.19 Pa s at zero field to 0.03 Pa s at 2 Hz (a factor of 6
reduction). This is the “negative ER regime” referred to in the
electrorheology literature [20], and EHD is the likely cause.
The intrinsic viscosity [shown on the right axis in Fig. 3(b)]
is strongly negative, reaching a value as low as [η] = −9.25.
In regime I, EHD forces are dominant and ηeff is much lower
than the quiescent (zero electric field) viscosity η0 = 0.19 Pa s
[Fig. 3(b)]. This regime (low-frequency ac) thus shows trends
that are very similar to those for dc fields, with shear thicken-
ing past a threshold ¯̇γ [Fig. 3(a), plots at several frequencies
between 10 mHz and 2 Hz are shown in Fig. S4 in the Sup-
plemental Material [31]]. We see in Fig. 3(b) that between 10
and 30 Hz (regime II), ηeff/η0 increases back to 0.84 and [η]
[defined in Eq. (3)] goes back to zero. This is the frequency
crossover from EHD- to dipolar-dominated. The rheological
behavior [i.e., ηeff versus ¯̇γ flow curve in Fig. 3(a)] is between
that for dc and that for zero field. Beyond 30 Hz (regime III),
ηeff increases sharply to a maximum value of 1 Pa s at 500 Hz,
i.e., ηeff ∼ 5.3η0 and is a factor of 30 higher than the value
at 2 Hz. In regime III, the system develops a yield stress, as
shown in Fig. S3 in the Supplemental Material [31]. This
results in an effective viscosity that starts high but decreases,
ηeff ∼ η + σ0/ ¯̇γ , so a yield stress σ0 = 1 Pa contributes 1 Pa s
to ηeff at ¯̇γ = 1 s−1. The large calculated value of [η] ∼ 57 is
reflective of the fact that percolating droplet dipolar chains,
even at low φ, have an outsize effect on effective emulsion
viscosity (it is these percolating chains that result in a yield
stress).

Figures 3(c)–3(g) show microscopy images of droplets
at zero field and at Erms = 3.7 V/μm in regime I (2 Hz), II
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FIG. 3. ac fields: nonmonotonic frequency-dependent viscosity and microstructure regimes. (a) The apparent viscosity ηeff = σ/ ¯̇γ high-
lights the salient features: nearly Newtonian (very modestly shear thinning) behavior at zero field, high-frequency (500–60 Hz) shear thinning
that is classic yield-stress behavior, while at lower frequencies, shear thinning at ¯̇γ < 10 s−1 is followed by an increase in ηeff . (b) ηeff

( ¯̇γ ∼ 1 s−1), indicated with a vertical, blue dashed line in panel (f) shows a modest decrease in a dc field from the zero-field value η0 = 0.19 Pa s.
ηeff/η0 shows a pronounced decrease at low (ac) frequencies (region I, <10 Hz). Between 10 and 30 Hz (region II), ηeff is nearly identical to
the dc field value. At higher frequencies (regime III), there is substantial increase in ηeff . (c)–(g) Micrographs at different frequencies (top)
with sketches (bottom) indicating castor oil (red) and motor oil (yellow). (c) Zero field: spherical castor oil droplets with sizes ranging from
∼10 to 30μm. (d) 2 Hz, Erms = 3.7 V/μm, regime I: droplets undergo continuous breakup along with coalescence with average sized smaller
than zero field. (e) 30 Hz, Erms = 3.7 V/μm, regime II: droplets gather on each electrode, making it the sample transparent. Given sufficient
time, the packed droplets merge, forming a sheet of castor oil on each electrode (labeled 0–3). (f), (g) 500 Hz, Erms = 3.7 V/μm, regime III:
droplets exhibit prolate deformations and form chain structures [shown in side view (f) and top views (g)].

(30 Hz), and III (500 Hz). At zero field [Fig. 3(c)], the system
is completely static in the absence of shear. In regime I, and in
the absence of shear, the system is in a dynamic steady state,
with a balance of drop deformation, breakup, and coalescence
[Fig. 3(d), 2 Hz], much as it is in dc fields. In regime II
(30 Hz), droplets grow larger through coalescence and can
collect near the electrodes. The packing of castor oil droplets
becomes stronger, with nearly all droplets on one side of the
electrode and the pattern on the other electrode becoming
visible [Fig. 3(e)]. Between 30 and 130 Hz, drop deformations
are oblate (signifying importance of EHD) but drops begin to
form chains, indicating the increasing importance of dipolar
forces with increasing frequency.

At 500 Hz (regime III), droplets are pinned to their location
and form chains of droplets [Figs. 3(f) and 3(g) show the side
view and top view].

C. A multistable viscosity switch

A key outcome of these observations is the demonstra-
tion of a fast, reversible viscosity switch, achieved simply by

tuning the frequency of the applied electric field. This switch-
able control over the fluid’s rheological state offers potential
for adaptive and programmable materials.

Figure 4 illustrates the ability to toggle between distinct
flow states: switching from 2 to 500 Hz causes the apparent
viscosity ηeff to increase from approximately 0.03 to 1 Pa s.
This switching is reversible. These changes occur within sec-
onds, as confirmed by time-resolved imaging of structure
formation and breakup. The reversibility of this process is
highlighted in Fig. 4(a), which shows ηeff during a contin-
uous shear rate ramp. The ac field was initially applied at
Erms = 3.7 V/μm and 2 Hz, with shear beginning at low ¯̇γ .
Near ¯̇γ = 10 s−1, the field was turned off, and later reapplied
at 100 Hz when the ¯̇γ ∼ 100 s−1. The viscosity curve closely
retraces the behavior from separate experiments conducted at
2 and 100 Hz, demonstrating the robustness and repeatability
of the switching mechanism.

What is remarkable about the system is that this behavior
can be switched on and off at will between multiple states at
different viscosities. Figure 4(b) shows an experiment where
the shear rate was maintained at ¯̇γ = 1 s−1. At t ∼ 100 s, the
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FIG. 4. A multistable viscosity switch: Changing the frequency can cause sudden and reversible changes. (a) Apparent viscosity ηeff vs
¯̇γ shows that switching the field from 100 to off to 2 Hz yellow line [matches the curves of 100 Hz (blue line), zero field (black dotted line),
and 2 Hz (green line)]. (b)–(d) Formation and destruction of bands: (b) At a fixed ¯̇γ = 1 s−1, ηeff changes drastically when switching from 2 to
500 Hz and vice versa. (c) Changing f from 2 to 500 Hz it takes several seconds for bands to become clearly visible at ¯̇γ = 1 s−1. (d) When
switching back from 500 to 2 Hz, bands are destroyed almost instantly. (e) ηeff changes periodically with field changes from 0 to 2 Hz (red
circles) and 2 to 500 Hz (black circles), compared to values from experiments at ¯̇γ = 1 s−1 for 500 Hz (dashed cyan), zero field (black dotted),
and 2 Hz (dashed magenta).

frequency was switched between 2 and 500 Hz, which are the
two frequencies that show the maximum ηeff difference at ¯̇γ .
The frequency was switched back to 2 Hz around t ∼ 400 s. It
should be noted that there is a modest increase in ηeff between
100 and 400 s, which also corresponds to a refinement of
the bands, comparing the micrographs shown at t = 108.6 s
and t = 390 s in Figs. 4(c) and 4(d), respectively. Figure 4(e)
shows that repeated switching causes a modest change in the
value of ηeff at 500 Hz, no change in the field-off characteris-
tics, and a modest increase in the value of ηeff at 2 Hz (which
looks more appreciable because of the logarithmic scale).
This is a three-state switch between ηeff = 0.04, 0.2, and
1 Pa s: many more states are of course possible. This ability to
modulate viscosity in real time through external fields opens
avenues for designing responsive materials with on-demand
mechanical properties.

IV. DISCUSSION

We have devised a methodology, ERI, which allows us to
combine quantitative macroscopic rheological measurements
in the presence of an electric field with qualitative insights
from optical imaging. This is useful because connecting ER
properties to microscopic behavior is challenging. Imaging
a QD-ROI also enables the detection of bubbles, which can
seriously affect rheological measurements.

In the absence of EHD forces, anisotropic dipolar interac-
tions result in the formation of chainlike structures aligned
along the electric field; these configurations are well es-
tablished in low-shear colloidal and emulsion systems [36].
The ERI study reveals two qualitatively distinct shear band-
ing modes, arising from different underlying mechanisms, as
shown in the f –γ̇ -phase diagram [Fig. 5(a)]. Dipolar banding
[Fig. 4(d)] occurs in regime III (at high frequencies) and low
average shear rates. In contrast, EHD banding [Figs. 2(b) and
2(c)] emerges at very low ac frequencies (regime I) or under
dc fields, and only at sufficiently high ¯̇γ . Dipolar bands are
sharp while EHD bands are spatially diffuse structures. The
solid line in Fig. 5(a) represents the boundary of the dipolar
region, determined by the appearance of bands at lower shear
rates. Reducing frequency does not weaken dipolar forces but
enhances EHD, which supply additional charges and reinforce
the chains as long as dipolar forces remain dominant over
EHD. Lowering the frequency, one first observes a regime
with no banding, which we refer to as “no-band land.” This
no-band land includes regime II and the region of regime I
with the lowest ηeff (roughly from 30 to 0.1 Hz). At lower
frequencies ( f < 0.1 Hz), EHD-induced diffuse banding is
observed as in dc.

Dipolar banding. In regime III, droplets organize into
well-defined, chainlike structures aligned along the vortic-
ity direction. Dipolar banding is observed at relatively low
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FIG. 5. Two kinds of shear banding: (a) f –γ̇ -phase diagram (at Erms = 3.7 V/μm) illustrates two distinct types of banding: in the dipolar
regime (regime III) at low ¯̇γ , and in the EHD regime (regime I) at very low ac frequencies but high ¯̇γ . (b)–(g) Dipolar banding. (b) Chain
formation in ac: At high frequencies, dipolar forces are stronger than hydrodynamics, causing droplets to form chains. Shear spreads these
chains along the direction of flow. (c) Over time, they form arches and eventually rings. (d), (e) Banding in regime I ( ¯̇γ = 4.6 s−1, 500 and
60 Hz), Erms = 3.7 V/μm. (f) Band separation decreases with frequency in regime III. (g) ηeff (at ¯̇γ ∼ 4.6 s−1) decreases with decreasing
number of bands; a linear extrapolation to zero yields a viscosity that is very close to η0 (the quiescent emulsion viscosity). (h)–(j) EHD
banding. EHD banding at low f is identical in nature to EHD banding in dc fields. (h) f = 0.1 Hz. The first sign of banding appears near the
edge of the disk at ¯̇γ = 167 s−1. Bands are more pronounced as frequency is reduced, (i) to f = 0.05 Hz and (j) to f = 0.01 Hz. At f = 0.05
and f = 1 Hz, band formation occurs at ¯̇γ = 27.8 s−1, as in dc.

Mason numbers (Mn ∼ 0.02). At high frequencies, dipolar
forces dominate over EHD forces, leading to the formation of
droplet chains [Fig. 5(b)]. Under shear, these chains elongate
in the flow direction �v with dipolar attractions collecting them
into bands that are spaced roughly equally in the vorticity
direction ∇ × �v [Fig. 5(c)]. Banding (also called “lamella
formation”) has been seen to occur in dipolar colloidal sus-
pensions [37,38]. It was shown in Ref. [37] that concentration
fluctuations, which lead to dielectric constant fluctuations in
space, affect the electrostatic free energy anisotropically: Only
fluctuations parallel to the vorticity direction are unaffected by
shear and continue to grow, giving rise to stable concentration
variations in the vorticity direction, i.e., banding. Increasing
shear destroys these dipolar bands; thus, dipolar bands are
only observed at low ¯̇γ .

Figures 5(d) and 5(e) show dipolar banding at 500 and
60 Hz, respectively, both at a shear rate of ∼4.6 s−1. The bands
at 60 Hz exhibit larger separation and width. The emergence

of these bands correlates with the viscosity increase observed
in regime III, as regions of high and low density repeatedly
form. Movie 2 in the Supplemental Material [31] illustrates
banding at f = 100 Hz and at low ¯̇γ . The band separation de-
pends on frequency [Fig. 5(f), at γ̇ = 4.6 s−1]. To calculate the
spacing of the bands, image intensity variations were analyzed
using ImageJ along a line perpendicular to the bands: local
maxima determined band locations. Figure 5(g) shows that the
measured ηeff is directly related to the number of bands in the
sample: increasing the number of bands increases the effective
viscosity in a linear fashion; the intercept corresponding to
zero bands has a value of 0.18 Pa s. This, interestingly, is close
to the the quiescent, zero-field value of the emulsion viscosity
η0 = 0.19 Pa s.

EHD banding. EHD banding requires stronger forcing
than dipolar banding, with Mn > 0.05 and often exceeding
unity. In both cases, banding emerges when the electric Cap-
illary number CaE approaches unity, highlighting the critical
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FIG. 6. Mechanism for EHD banding. (a) Phase diagram of field strength vs average shear rate in dc fields. At low electric fields (below
the breakup threshold) and low shear rates, droplets deform without breaking. As the shear rate increases while the electric field remains
constant, larger droplets begin to break up. The blue line that connects the two experiments at E = 3.7 and 5.2 V/μm (dc) indicates the values
of (E , ¯̇γ ) for the onset of EHD banding. (b) Convection rolls (view parallel to the flow direction): The distance between two convection rolls
separated by one intermediate band (i.e., every other band) is twice the gap thickness, denoted as d . (c) For gap h = 270μm, d = 550μm.
(d) For h = 405μm, d = 780μm. (e) For h = 540μm, d = 1200μm. In panels (c)–(e), d/h = 2.06 ± 0.15 ≈ 2. (f) Frequency dependence
of EHD forces: Dimensionless stress components φT (tangential) and φN (normal) display the variation of the EHD forces with frequency for
the material parameters in our experimental system. (g) Linear parallel plate experiment setup consisting of two ITO-coated plates, separated
by 250μm. The top plate is unglued and can move freely back and forth. (h) Flow-aligned banding: In the presence of both shear and electric
field, bands with thickness comparable to the cell gap are created.

balance between electric stresses and interfacial tension. EHD
flows can either enhance or oppose the effects of dipolar
chaining [21,22,39,40] depending on the frequency and fluid
properties. At sufficiently strong EHD activity, the convective
flows disrupt chain formation entirely, as also seen previously
[18], but we only observe banding under dc or low-frequency
ac stimulation. At 2 Hz in regime I, the rheological signa-
ture begins to resemble dc behavior [Fig. 3(a)] but without
exhibiting periodic structures (Movie 3 in the Supplemental
Material [31], 2 Hz). At frequencies below 0.1 Hz, signs of
EHD banding appear near the edges [Fig. 5(h)]. The bands
are more pronounced at 0.05 Hz [Fig. 5(i)] and even more so
at 0.01 Hz [Fig. 5(j) and Movie 4 in the Supplemental Material
[31]]. While the dipolar banding observed at high frequen-
cies is readily attributed to a competition between shear and
field-induced dipole-dipole interactions, the origin of the EHD
banding seen at low frequencies or under dc fields requires
closer examination.

Mechanism for EHD banding: Shear banding is generally
classified into three categories [41–43]: (1) gradient banding,
involving variations in viscosity along the velocity gradient
direction; (2) vorticity banding, where bands of different
stress alternate along the vorticity direction but are aligned

in the flow direction; and (3) vorticity-aligned banding, char-
acterized by log-rolling structures aligned with the vorticity
and alternating along the flow direction. In emulsions, such
vorticity-structured states have been previously reported, in-
cluding both vorticity banding [44,45] and vorticity-aligned
banding [43]. In colloidal systems, similar patterns have been
linked to attractive interactions between particles [46–52].
Collectively, these studies indicate that the type of band-
ing observed is strongly influenced by the balance between
flow-induced forces and internal cohesive forces. A numerical
study [53] based on the rheology of emulsions [44,45] has
reinforced the role of coalescence in maintaining the stabil-
ity of banded structures. Both the dipolar and EHD banding
modes manifest as alternating bands oriented perpendicular
to the vorticity and along the flow direction, i.e., vorticity
banding.

An E– ¯̇γ -phase diagram [Fig. 6(a)] is shown for dc
fields. At low shear rate and low field strength (Mn < 1,
CaE < 1), there are stable deformed drops. For higher Mason
number Mn > 0.5 (but CaE < 1) shear breaks up deformed
drops into a relatively uniform distribution of droplet sizes.
Field-induced droplet breakup occurs when CaE > 1: EHD
banding only occurs above the threshold for droplet breakup
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(CaE > 1) and for high Mason number (Mn > 0.05), confirm-
ing this balance of breakup, coalescence, and shear.

In the current work (and also observed previously [54]),
EHD-induced electroconvection (Fig. S5 in the Supplemental
Material [31] shows drops going in and out of focus in two
snapshots 70 ms apart) gives rise to cloudlike structures on
the scale of the cell’s thickness [Fig. 6(b)]. ERI experiments
at different gap separations h [Figs. 6(c)–6(e)] exhibited band
spacings at onset that were comparable with twice the gap
separation d: d ≈ 2h. Moreover, the temporal frequency of
convection rolls (∼1 Hz) is remarkably close to the frequency
(2 Hz) of the viscosity minimum. EHD forces have an ex-
pected frequency dependence that matches our observations.
Figure 6(f) shows dimensionless EHD stress components, φT

(tangential) and φN (normal) [10] (see Sec. V in the Supple-
mental Material [31] for more details): Their magnitude rises
from a value close to zero at high frequency to their maximum
value (order unity) as the frequency is reduced to 1 Hz and
below.

The above observations help narrow down the cause of
EHD banding: it emerges out of a competition between
EHD convection (observed in the absence of shear at low
frequency) and shear flow. To examine whether shear rate
gradients (present in our rotary-shear system) influence EHD
shear banding, a linear-shear parallel-plate shear cell was con-
structed, in which the top plate was allowed to move back and
forth freely [Fig. 6(g)]: This setup avoids the γ̇ gradients of
rotational rheometry, but maintains the gap spacing and the
dc field strength. The top plate was moved at a speed of ap-
proximately 3 cm/s. Under these conditions, we consistently
observed bands aligned with the flow direction [Fig. 6(h)],
with spacing and thickness comparable to the cell gap. Here,
too, the banded structure only appeared in the presence of both
an electric field and shear. We find that banding occurs in the
higher viscosity regions, effectively a system’s response that
limits viscosity increases.

Despite the dissipative nature of EHD flows, our sys-
tem displays remarkably reproducible phase behavior and
reversible transitions between distinct flow states. The
nonequilibrium phase diagrams, such as those in Figs. 5(a)
and 6(a) represent transitions into nonequilibrium steady
states (NESSes), in which a dynamic balance is maintained
between droplet breakup, coalescence, and hydrodynamic
interactions.

Connection between morphology and viscosity changes:
The two banding modes provide a direct link between mor-
phology at the QD-ROI scale and the measured flow curves.
In the dipolar regime, densely packed, field-aligned chains
resist deformation and give rise to a finite yield stress and
a strong increase of ηeff at low ¯̇γ . We believe that banding
is a system’s response to this: the collection of these chains
into azimuthal bands of droplets at discrete radial distances
limits the viscosity increase. In the EHD regime, diffuse
bands associated with convection rolls appear precisely in the
shear-rate range where the dc and low-frequency flow curves
turn back upward, showing that the formation of these large-
scale structures correlates with the nonmonotonic rheological
response.

V. CONCLUSION

For dc and low-frequency ac fields (below 2 Hz) ηeff has a
minimum at low shear rates. We link this behavior to electro-
convection observed during droplet breakup, with convection
rolls occurring at a characteristic frequency of around 1 Hz
(see Fig. S5 and Sec. V in the Supplemental Material [31]). At
ultralow frequencies (0 � f < 0.1 Hz) and in dc fields, EHD
banding is observed in the presence of shear when electrical
forcing is at frequencies much smaller than the temporal fre-
quency of convection rolls.

At intermediate ac frequencies, the viscous response is
roughly in between that of zero field and a dc field. In
this regime (regime II, 10 < f < 30 Hz, Erms = 3.7 V/μm),
droplets exhibit oblate deformation, and the micrographs in-
dicate that the droplet phase flattens and segregates toward
the electrodes leaving the bulk (motor oil) fluid in the center,
which explains the observed viscous response.

While orders-of-magnitude changes in viscosity can be
achieved, for example, at a phase transition, the ability to
achieve viscosity change that is controlled by frequency,
not by field strength, and does not require a phase tran-
sition, makes the applicability of this phenomenon much
broader. At high ac frequencies (regime III, f > 60 Hz,
Erms = 3.7 V/μm), there is a marked increase in the apparent
viscosity at low shear rates, due to the emergence of a yield
stress. This is classic ER behavior with a difference: in classic
ER behavior there are solid particles in a fluid; in this case,
there is a two-fluid medium with no particulates. This ER
response is therefore not as pronounced as one with particles;
the use of particles as additives would likely enhance this
response. Nevertheless, an increase in the apparent viscosity
correlates with a banding instability driven by both electric
fields and shear fields, with the band separation decreasing
with increasing ac frequency. Unlike dc fields, where banding
is seen at moderate shear rates, the banding here is strongest
at low shear rates. Moreover, the banding here is more regular
in spacing. The apparent viscosity increases inversely with
the band spacing and linearly with the number of bands.
These bands are composed of inner-phase fluid that would
be extended along the field direction in the absence of shear,
but gets smeared into the shear direction in the presence of
shear; however, this need to overcome dipolar forces enhances
the apparent viscosity at high frequencies, in comparison with
zero field.

Unlike systems exhibiting either a standard ER effect
[14,55–58] or the giant electrorheological (GER) effect
[59–61], our system can also reduce viscosity below the
quiescent, field-off state. Toggling frequency instead of field
amplitude simplifies control. Notably, combining this ap-
proach with suitable particles could enhance the effect by
integrating polarization mechanisms from ER or GER with
EHD interactions. The realization of a multistate viscosity
switch that is frequency controlled is potentially useful in ap-
plications for stimuli-responsive materials and materials with
field-configurable mechanical properties.

While the measurements reported have been carried out for
a droplet-phase volume fraction φ = 0.09, both viscosity en-
hancement (at high ac frequencies, f = 500 Hz) and viscosity
reduction (at low frequencies and dc) is observed at a range of
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φ from 0.016 to 0.25, indicating that multistable switchability
of the viscosity is thus fairly robust.

A unifying framework for understanding nonequilibrium
systems—such as living matter—remains an open challenge
in physics [62]. Beyond its relevance for designing smart,
responsive materials [63], our ERI methodology provides a
platform for the study of energy dissipation, pattern forma-
tion, and nonequilibrium steady states in driven fluids; it not
only provides a direct link between electrorheological re-
sponse and microstructure but also helps detect artifacts, such
as bubbles, that could distort measurements. Furthermore, the
ERI technique is applicable more widely in soft materials
beyond the current emulsion system, and can also be used to
study ER mechanisms in particulate systems.
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APPENDIX

1. Materials

In this experiment, we used an emulsion of castor oil
in motor oil, specifically NOW Solutions castor oil and
Irving MAX1 10W-30 motor oil. The electrical conductiv-
ity (σE ) of castor oil (motor oil) was measured at 3.96 ±
0.01 picomho/cm (102 ± 1 picomho/cm), the relative permit-
tivity (κ) at 5.9 ± 1.3 (2.58 ± 0.52), and the viscosity (η) at
0.961 ± 0.002 Pa s (0.149 ± 0.002 Pa s), respectively. A sim-
ilar experiment with silicone oil showed a conductivity of
0.33 ± 0.01 picomho/cm, a relative permittivity of 2.6 ± 0.1
and a viscosity of 0.150 ± 0.001 Pa s. The inner-to-outer di-
electric constant ratio, conductivity ratio, and viscosity ratio:

S = 1.32, H = 0.04, N = 6.45. (A1)

Emulsions consisting of at least one leaky dielectric that
satisfy the condition S/H � 1 + 5H (1+N )(1/H−1)2

16+19N , have been
shown [10] to exhibit a characteristic electrical field fre-
quency below which droplets deformations are oblate (the
regime dominated by electrohydrodynamic forces) and above

FIG. 7. Sample cell. (a) Cross-sectional schematic of a vertical-
electric-field microscopy cell shows two ITO-coated coverslips
separated by spacer strips, assembled on a microscope slide. This cell
is used to characterize a castor oil in motor oil ([Ca:Mo]) emulsion
with a low EHD threshold. (b) Coalescence-dominated regime at
E = 1 V/μm (dc). (c) Droplet breakup at E = 3.6 V/μm.

which the deformations are prolate (the regime dominated
by dipolar forces). In the [Ca:Mo] system, S/H = 34.11 and
5H (1+N )(1/H−1)2

16+19N = 6.43. Thus, the above condition is satisfied.

2. Microscopy

Electrorheology measurements were complemented by mi-
croscopy on electric field cells made from transparent cover
slides coated with indium tin oxide, and with spacers to set
the thickness to be h = 270μm. Figure 7 shows the sample
cell schematic for vertical-electric-field microscopy. See Sec.
VI in the Supplemental Material [31] for details on the mi-
croscopy sample cells.

3. ERI preshearing

Consistent initial conditions for ERI experiments are en-
sured by breaking the droplets with a dc field for 10 s,
followed by shearing with a linear ramp of ¯̇γ from 200 to
600 s−1 over 2 min. During the first minute, random pulses
with different frequencies are applied to induce radial mo-
tions, ensuring a more uniform distribution of droplets in the
sample. There is a 20-s period of zero shear before actual data
acquisition begins. We call the whole process preshearing.
Each experiment is run at least twice, with all reported values
averaged between the runs.
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