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Dielectrophoretic Force Equilibrium of Complex Particles
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In contrast to the commonly used spherical Janus particles, here we use engineered Janus particles that
are fabricated by means of the photolithography technique for precise control over their geometry and
coated regions. Specifically, we study a “lollipop”-shaped complex particle, the head of which is coated
with gold while its tail is left bare. Due to their distinct electrical properties (i.e., electrical polarizability),
the particle exhibits force equilibrium, where opposite dielectrophoretic forces acting on its head and tail
exactly cancel each other to yield a stable-equilibrium position. This is realized in a quadrupolar electrode
array, where the equilibrium position of the engineered particle can be tuned by the frequency. This stands
in contrast to the standard dielectrophoretic behavior, where the particle shifts position from either the
center of the quad to the very edge of the electrodes when shifting from a negative to positive dielec-
trophoretic response, respectively. This opens up opportunities for positioning control of such complex
particles for self-assembly, biosensing, biomimetic spermatozoa, and more.
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I. INTRODUCTION

Dielectrophoresis (DEP), defined as the translational
motion of neutral particles due to the effects of polariza-
tion in a nonuniform electric field, is a well-established
technique that exploits their unique dielectric properties to
manipulate particles under alternating current (ac) fields
[1]. In particular, a crossover frequency (COF), which
is the ac frequency at which the DEP force vanishes,
i.e., at which particles shift from attraction to high-field-
intensity regions (positive DEP, pDEP) to repulsion (nega-
tive DEP, nDEP), can be used as a sensitive discriminator
between different particle types or conditions [2,3]. The
time-averaged DEP force for a homogeneous dielectric
spherical particle suspended within an electrolyte under
a nonuniform electric field is represented by FDEP =
πεeR3Re[K̃]∇|E|2, where R is the radius of the particle,
E is the amplitude of the electric field, εe is the permit-
tivity of the electrolyte, and Re[K̃] is the real part of the
Clausius-Mossotti (CM) factor [4–6]. The CM factor is
defined as K̃(ω) = (ε̃p − ε̃e)/(ε̃p + 2ε̃e), ε̃ = ε + σ/(iω),
where ε̃p and ε̃e are the complex permittivities of the parti-
cle and the electrolyte, respectively, and ε and σ represent
the real permittivity and the conductivity, respectively. The
CM depends on the frequency of the electric field, which
determines both the direction of the DEP force and its mag-
nitude. The CM factor of micron-size dielectric particles
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exhibits mostly nDEP, except for dielectric nanoparticles
in relatively low-conductivity solutions wherein their sur-
face conductance dominates [7]. In contrast, the CM factor
of metallic coated particles has been shown to switch
sign from nDEP to pDEP with increasing frequency as
the induced electrical double layer (EDL) formed on the
metallic coating shifts from full electrical screening to no
screening at frequencies sufficiently larger than the RC
frequency [8–10].

Herein, we exploit this transition of the polarizability
of the metallic coating of a complex particle in order to
control the interplay between its different coated and non-
coated (i.e., dielectric) parts. Such an interplay between
the coated and noncoated parts of a particle has been
demonstrated for a spherical metallodielectric Janus par-
ticle (JP), where its overall DEP and electrorotation (ROT)
behavior has been taken to be an average of the same
spherical particle as though it was uniformly dielectric
and uniformly coated [11]. However, as noted for a cer-
tain frequency, the DEP response of the JP was either
nDEP or pDEP. Hence, no intermediate equilibrium posi-
tions were obtained within the quadrupolar electrode array.
In contrast, here we will demonstrate that if we engi-
neer the Janus particle to have a large enough separation
between its dielectric and metallic coated parts, similar
to sperm cells [12], such intermediate equilibrium posi-
tions can be achieved. Such an engineered Janus particle
with a controlled geometry and selective metallic coating
is obtained using the standard photolithography fabrication
technique [13].
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Janus particles in general represent an emerging field
of research that has attracted immense attention in recent
years due to their behavior as self-propelling (active) par-
ticles. These active particles have found applications in
a broad range of areas such as drug delivery, detoxifi-
cation, environmental remediation, immunosensing, etc.
[14]. As opposed to phoretically driven transport, which
is characterized by mass migration in response to exter-
nally imposed gradients, active particles asymmetrically
draw and dissipate energy at the colloidal scale, creat-
ing local gradients that drive autonomous propulsion [15].
Since the driving force is produced at the particle level,
active colloids are free to travel along individual path lines.
In particular, metallodielectric JPs represent a unique sub-
set of active colloids, in which the energy source is an
externally applied electric field where the variation of the
frequency of applied electric field has been shown to alter
both the speed and direction [16–18].

II. EXPERIMENTAL RESULTS

A. Fabrication of particles and experimental details

Particles are fabricated using standard photolithogra-
phy and metal-deposition techniques, following the pro-
tocol described in Ref. [13]. First, SU-8 photoresist
(MicroChem, Corp.) is spin coated on a 4-in. silicon (Si)
wafer to a thickness of 2 μm and exposed to UV light
through a chrome-patterned photomask to form the engi-
neered particles, which are revealed after development of
the photoresist. Second, the wafers are spin coated with
two layers of NFR-014R photoresist (JSR Micro, Inc.)
to reach a thickness of 6 μm and exposed to UV light
through an aligned chrome-patterned photomask to form
the regions that are exposed to metal deposition via an
electron-beam metal evaporator. Instead of mechanical
removal of the particles, which can deform them, we intro-
duce an improvement to this technique by depositing a sac-
rificial layer, such as LOR resist (MicroChem, Corp), prior
to that of SU-8 photoresist. Thus, as a last step, the particles
are released using Remover PG (MicroChem. Corp).

The chips are fabricated using standard photolithogra-
phy and consist of either a quadrupolar with a gap of
200 μm and 500 μm for DEP (Fig. 1) and ROT (Fig. 2)
characterization, respectively, as well as a ring-electrode
array with a gap of 200 μm between the electrodes for con-
trol purposes, acting as an electrode geometry in which no
stable equilibrium can exist (Fig. 5). The electrolyte solu-
tion consists of dissolved KCl salt within deionized water
at different concentrations, which is then introduced into
a shallow chamber (height of 120 μm) covering the elec-
trode array along with the “lollipop”-shaped particles. In
order to reduce adsorption, the chamber is pretreated with
0.2% v/v of Tween 20 (Sigma). The electrodes are con-
nected to a function generator, which we use to control the
frequency and amplitude of the applied electric field. For

the ROT setup, we use a rotating electric field such that it
has a 90◦ phase shift between the electrodes.

B. Equilibrium positions

A complex particle can be potentially stagnant under
the following modes: (1) at the center of the quad under
nDEP response [20]; (2) at stable-equilibrium positions
within the quad, where the two counteracting DEP forces
exactly cancel each other; (3) at the edge of the electrode
under pDEP response. This is verified for the lollipop-
shaped particle, where the DEP equilibrium (i.e., mode 2)
positions are varied with the frequency. Figure 1(a) shows
such a complex particle in stable-equilibrium mode, when
the frequency of the alternating current electric field is
such that parts 1 and 2 of the particles [as defined in Fig.
1(b)] are experiencing DEP forces of comparable mag-
nitude and opposite directions. In order to measure the
stable-equilibrium position of the particles, they are placed
inside the quad while experiencing an electric field at a
specific frequency. Figure 1(c) shows the average equilib-
rium position of between three and five particles versus the
frequency of the applied field. In order to assure that this
is indeed a stable-equilibrium position, the particles are
often shaken, after which they recover their equilibrium
position. In addition, frequencies are applied in a differ-
ent order to negate the existence of system hysteresis (see
Supplemental Video 1 [19]).

It is found that increasing the conductivity of the
medium results in a wider range of these equilibrium-
frequency windows. In addition, we find that the frequen-
cies at which the particle transitions from nDEP to stable
equilibrium and from stable equilibrium to pDEP strongly
depend on the solution conductivity and shift to higher
values with increasing solution conductivity. Whereas the
dielectric (SU8) tail of the particle always exhibits nDEP
behavior, the metallic coated head of the particle switches
from nDEP to pDEP behavior with increasing frequency at
a transition frequency that corresponds to the RC time of
the induced EDL. This can explain the shift of the above
transitions that is observed for the complex particle as the
RC frequency increases linearly with σe.

C. Determination of the specific capacitance of the
electrical double layer

In order to match the experimental results to the numer-
ical simulations in Sec. II B, the angular frequency must
be normalized by the conductivity and the specific capac-
itance of the electric double layer, CDL, on the metallic
coated disk. We conduct several experiments using an elec-
trorotating field (ROT), from which we extract CDL. Due
to the relatively high voltage applied on the particle, which
exceeds the thermal potential, the linear Debye-Huckel
model for the capacitance is not applicable. Furthermore,
there is always the ambiguity regarding the Stern-layer
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FIG. 1. (a) A microscope image of the complex particle within a quadrupolar electrode array. Here, we define the equilibrium
position rinterface from the center of the quad to the interface of the tail and the head of the particle. (b) A schematic of the complex
particle with dimensions Ltail = 50 μm, Lhead = 20 μm, t = 2 μm, while the thickness of the gold coating is 30 nm, on top of a 10-nm
Cr coating (marked with yellow in the scheme). (c) The equilibrium position of the hybrid particle as a function of the electric field
frequency. The graph depicts three different electrolyte conductivities at a voltage of either 15 V or 20 V, with no observable difference
in the equilibrium position for these two voltages. The error bars represent the standard deviation of several (between three and five)
experiments (see Supplemental Video 1 [19]). (d) The experimental and numerical results of the particle position as a function of the
normalized frequency.

capacitance, which needs to be resolved somehow. There-
fore, the value of CDL is experimentally extracted for
each solution conductivity only for the coated-disk particle
without the tail section. A rotating electric field is applied
in the 500 μm quadrupolar electrode array and the angu-
lar velocity of the gold-coated disk is measured in different
frequencies [21]. After obtaining the ROT spectra for each
conductivity [Fig. 2(a)], we use CDL as a fitting param-
eter in the normalized experimental curves to match the
normalized angular velocities of the point of maximum
angular velocity to that obtained in the numerical simu-
lation described in Appendix B [Fig. 2(d)]. Table I shows
CDL for the three conductivities.

III. THEORETICAL ANALYSIS AND
COMPARISON WITH EXPERIMENTS

A. Heuristic model for the stable equilibrium

The two main parts of the particle are its “head” (1) and
the “tail” (2) as described in Fig. 1(b). For a hyperbolic

polynomial electrode geometry of xy = l2/8, where l is the
electrode spacing [e.g., 200 μm in Fig. 1(a)], the electric
field distribution [22] is |E| = (4�V/l2)r and, accordingly,
∇|E|2 = (32�V/l2)2rr̂, where r is the radial coordinate
from the center of the quad to the interface between the
head and tail of the particle [see Fig. 1(a)]. If we approx-
imate our electrode geometry to be close enough to the
hyperbolic polynomial, we can write the nDEP force act-
ing on the center, rtail = rinterface − Ltail/2, of the dielectric
tail as

ftail = −|αtail|rtailr̂ (1)

and the pDEP force acting on the center, rhead = rtail + d =
rtail + (Ltail + Lhead)/2, of the coated head as

fhead = Re[αhead](rtail + d)r̂, (2)

where d is the distance between the centers of the
head and tail of the particle and αtail and αhead are
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FIG. 2. (a) The ROT velocity of the Au-coated disk (only the “head” part of the complex particle) as a function of the frequency at
a voltage of 20 V. The error bars represent the standard deviation of four or five experiments. (b),(c) A microscope image (b) of the
coated disk and its enlarged image (c) along with the direction of rotation as observed from the inverted microscope (see Supplemental
Video 2 [19]). (d) The ROT velocity of a coated disk as a function of the normalized frequency. The graph also shows the polarizability,
which is calculated numerically: the extracted CDL values are indicated in the legend. (e) The computational domain of the numerical
simulation.

prefactors of the DEP force including the Clausius-
Mossotti factor (i.e., particle polarizability relative to that
of the medium). While αtail is negative and independent of
the field frequency, Re[αhead] is expected to show a transi-
tion from a negative to a positive value—the head polar-
izability can be described according to αhead ∝ (iωτ −
1)/(iωτ + 2), where τ is the RC time for charging the head
EDL. Thus, for a force equilibrium to exist, the applied fre-
quency must be higher than τ−1 for the forces ftail and fhead
to be nDEP and pDEP, respectively. For the equilibrium

|fhead| = |ftail|, one obtains the equilibrium position

req
tail = Re[αhead]

|αtail| − Re[αhead]
d. (3)

An immediate outcome of this heuristic model is that for
such an equilibrium to exist, there must be a separation
distance d between the centers of the two “point” dipoles
of the head and tail. In addition, the real part of the head
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TABLE I. The frequencies for maximum angular velocity and
the estimated values for CDL.

Electrolyte
conductivity
[μS/cm]

Frequency for
maximum

ROT (kHz) CDL (F/m2)

320 47 ± 5 0.023 ± 0.002
750 90 ± 12 0.028 ± 0.004
1100 190 ± 20 0.019 ± 0.002

polarizability has to be positive but smaller than the polar-
izability of the dielectric part, i.e., |αtail| > Re[αhead] > 0.
When Re[αhead] > |αtail|, the pDEP force on the coated
head becomes dominant and the overall complex particle
behavior becomes pDEP. This is expected to occur at a
sufficiently high frequency at which the metallic coating
is no longer screened by the induced EDL and hence is
beyond the RC frequency. At the other extreme, at low
frequencies, the metallic coating is fully screened by the
induced EDL and hence both the tail and the head exhibit
a nDEP behavior and hence the overall complex particle
behavior is also expected to be nDEP. Hence, it is only for
an intermediate window of frequencies that such an equi-
librium occurs. It is also clear that the polarizability of the
coated head, which is strongly dependent on the frequency,
is increasing in magnitude with increasing frequency and
that, accordingly, the equilibrium position req

tail increases.
Figure 3 shows the equilibrium position for the case of a
spherical head and tail. Thus, the position of the complex
particle shifts toward the edge of the electrodes and away
from the quad center with increasing frequency, in accor-
dance with the experimental measurements [Fig. 1(c)]. In
addition, as seen in Fig. 4(a), this is a stable equilibrium, as
any perturbation of the particle position around req

tail results
in a force that restores this position. On the other hand, for
the ring-electrode array, the complex particle is positioned

FIG. 3. The equilibrium position of a complex particle as a
function of the nondimensional frequency ωτ . The position is
evaluated from Eq. (3) and by considering that the head and tail
are spheres with the same radius.

with its head toward and its tail away from the inner ring
electrode. Hence, the pDEP force acting on the head of the
particle can be written as [23]

fhead = −Re[αhead]
r3

head
r̂ (4)

where rhead is the position of the center of the head. The
nDEP force acting on the dielectric tail is then

ftail = |αtail|
(rhead + d)3 r̂ (5)

From Fig. 4(c), it is clear that this equilibrium position is
unstable, as any perturbation of the particle position results
in its motion toward either the inner or outer ring elec-
trodes depending on its location (or, equivalently, its initial
positioning).

B. Numerical results and comparison with experiments

The electrical force on the hybrid lollipop-shaped
particle is numerically calculated as a function of the
position and frequency. Appendix A contains the details
of this calculation. Figure 1(d) shows the particle position
within the quadrupolar array at which this force vanishes
(i.e., the equilibrium position) as a function of the fre-
quency. Following the extraction of the CDL values (Table
I), the experimental results of the equilibrium position are
then depicted using a normalized angular frequency and
show qualitative agreement with the numerical simulations
[Fig. 1(d)]. For simplification, we neglect the contribu-
tion of electroconvection induced on the head, as it is
expected to be suppressed due to the small gap between
its metal face and the bottom of the microchamber (see
Supplemental Video 3 [19]).

Figure 4 shows that, for a stable equilibrium to occur,
the nonuniform electric field must obey a certain spatial
distribution. While the quadrupolar electrode array does
satisfy the necessary conditions, other electrode arrays,
such as the ring electrode shown in Fig. 5, do not. In
accordance with the heuristic model described in the pre-
vious section, no such stable equilibrium is experimentally
found in such a ring-electrode setup. Instead, it is found
that the particles are either repelled from the inner elec-
trode or attracted to it. The results of the simulations
suggest that in the ring geometry there exists a range of
frequencies for which the particle experiences an unsta-
ble equilibrium [Fig. 5(c)]. Depending on the initial radial
distance of the particle from the center of the array, the
response can be either pDEP or nDEP if it is smaller
(i.e., rinitial < req) or larger (i.e., rinitial > req) than the equi-
librium position, respectively [Fig. 4(c)]. Hence, due to
the unstable equilibrium, there are eventually two ter-
minal positions of the particle, either at the inner elec-
trode edge due to the dominance of pDEP or close to
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(a) (c)

(b) (d)

FIG. 4. (a),(b) The absolute force distribution on the head and tail of the particle versus the radial distance of the center of the tail,
rtail, from the center of the quadrupolar electrode array yielding a stable equilibrium (see Supplemental Video 1 [19]). (c),(d) The
absolute force distribution on the particle versus the radial distance of the center of the head, rhead, from the center of the ring-electrode
array yielding an unstable equilibrium (see Supplemental Video 4 [19]).

the edge of the outer ring electrode due to the domi-
nance of nDEP. It is worth noting that since our system
is not an ideal two-dimensional geometry but is actually
three-dimensional (3D) and hence there is an electric field
intensification at the very edge of the outer ring electrode,
the potential well of the nDEP is somewhat away from
the edge of the outer ring electrode (see Supplemental
Video 4 [19]).

IV. CONCLUSIONS AND OUTLOOK

We demonstrate that a complex engineered particle,
where opposite DEP forces can occur in its different parts,
exhibits a stable equilibrium within a frequency range. In
addition, we find that the frequencies at which the parti-
cle transitions from nDEP to stable equilibrium and from
stable equilibrium to pDEP strongly depend on the solu-
tion conductivity, as expected. A quantitative comparison

between the numerical results of the equilibrium posi-
tion as a function of the frequency and the experimental
results validates this and provides further information on
the dependency of the equilibrium range with the solu-
tion conductivity. The ROT spectra on the coated disk
show that, indeed, the metallic part of the particle under-
goes transition from nDEP to pDEP as expected and the
frequency of maximum angular velocity increases with
increasing conductivity. This ability to control the equi-
librium position of complex particles by simply changing
the applied electric field frequency may open up opportu-
nities for the self-assembly of complex particles, as they
can self-migrate to positions of stable equilibrium. More-
over, if there are many such particles, they can interact
with each other while migrating and form an interest-
ing collective behavior (see Supplemental Video 5 [19]).
A more controlled interaction is observed for two such
complex particles wherein their separation distance of the
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(a)

(b)

(c)

FIG. 5. (a) A microscope image of the complex particle inside the ring-shaped electrode array with a gap of 200 μm gap between the
inner and outer electrodes. (b) The computational domain of the numerical simulation with the particle enveloped within a spheroidal
surface. The colors denote the magnitude of the electric potential. (c) The numerical-simulation results, indicating that there is an
unstable equilibrium in the frequency regime between a nDEP and pDEP response (see Supplemental Video 4 [19]).

equilibrium positions can be sensitively controlled by the
frequency (see Fig. 6 and Supplemental Video 6 [19]). The
measured distance between the heads [Fig. 6(b)] qualita-
tively follows the same trend as that of a single complex
particle (Fig. 1). However, due to interparticle interac-
tion, it is not simply just a translation from Fig. 1(c).
Furthermore, if the metallic coated regions of the particle
are functionalized with molecular probes (e.g., antibod-
ies), the polarizability of this region can be changed upon
binding to a specific target analyte and, hence, form a
biosensor that is detected by the change of the equilibrium
position. Such complex particles are also reminiscent of
self-propelling biological cells (e.g., sperm cells), in that
an understanding of their DEP response can help in manip-
ulation (e.g., sorting, accumulation) of such cells. Such
complex particles can be designed to mimic the behav-
ior of sperm cells, with their heads exhibiting a nDEP
response while their tails can shift from nDEP to pDEP
at frequencies beyond the relaxation time of the induced
charge [12]. This is realized for the same complex particle
but with a Au coating on its tail. As seen in Supplemental
Video 7 [19], such a distinct head-and-tail DEP response
can be exploited for manipulating the particle and enabling
its trapping as well as translation along the edge of the
electrode, reminiscent of the strategy used in Ref. [12] to
sort out live sperm cells. Moreover, such complex particles
can also behave as synthetic self-propelling (i.e., active)
particles, also termed micromotors and, hence, an under-
standing of their DEP response enables additional control
over their motion.
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APPENDIX A: NUMERICAL CALCULATION OF
THE ELECTRICAL FORCE ON THE COMPLEX

PARTICLE

The hybrid metallodielectric particle is subjected to
an ac electric field with angular frequency ω. Using
phasors, the electric field can be written as E(r, t) =
Re[Ẽ(r) exp(iωt)], where Ẽ(r) is the electric field phasor
and i is the imaginary unit. The time-averaged electrical
force on the complex particle can be computed as the flux
of the time-averaged Maxwell stress tensor over a surface
S that encloses the particle:

FDEP = (1/2)ε

∮
S

Re[ẼẼ∗ − (1/2)I(Ẽ · Ẽ∗)] · ndS, (A1)

where ∗ indicates the complex conjugate, ε is the dielectric
constant of the electrolyte, I is the identity matrix, and n is
a vector normal to the integration surface S.
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Thus, prior to the evaluation of Eq. (A1), we have to find
the electric field from the solution of the electric potential,
φ, in the 3D domain of Fig. 7(a). For simplicity, we con-
sider vertical electrodes with a hyperbolic shape instead of
the circular coplanar electrodes used in the experiments.
Both configurations of electrodes generate a similar elec-
tric field structure—differences only appear in a region
close to the electrode edges. We use COMSOL to solve
the Laplace equation (∇2φ̃ = 0) subject to the following
conditions:

(a) Pairs of facing electrodes are subjected to −1 V and
1 V, respectively.

(b) The particle tail is insulating. Thus, zero normal
current is imposed on its surface: (∂φ̃/∂n) = 0.

(c) The particle head has a cylindrical shape, with one
of its bases coated with a gold layer and facing the elec-
trode substrate. The applied electric field induces an elec-
trical double layer (EDL) at the metal-electrolyte interface.
The charging of this EDL is modeled by the following
boundary condition [24]:

σe(∂φ̃/∂n) = iωCDL(φ̃ − Ṽmetal), (A2)

(a)

(b)

FIG. 6. (a) A microscope image of an assembly of two complex particles within a quadrupolar electrode array. As can clearly be
seen, the separation distance between the two particles is controlled by the applied frequency. (b) The experimental results of the
separation distance between the two particles as a function of the normalized frequency.
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(a) (b)

FIG. 7. (a) The computational domain of the numerical simu-
lation, showing the quadrupolar electrodes as well as the com-
plex particle. (b) An enlarged image of the complex particle
enveloped within an ellipsoidal surface at which the Maxwell-
stress integration is performed in determining the DEP force.

where σe is the electrolyte conductivity, CDL is the surface
capacitance of the metal-electrolyte interface, and Ṽmetal is
the electric potential of the metal layer.

(d) Ṽmetal is an unknown, which is determined after
imposing the condition that the total current on the head
surface must be zero, i.e., the gold layer acts as a floating
electrode with potential Ṽmetal. We include an additional
integral equation in COMSOL to ensure this condition.

The lollipop-shaped particle is enclosed by an ellipsoid
(see Fig. 7). We use this smoother surface for two pur-
poses: (1) to evaluate the integral equation that determines
Ṽmetal by imposing zero current on the head surface, and (2)
to integrate the Maxwell stress tensor given in Eq. (A1).

APPENDIX B: POLARIZABILITY OF THE DISK
AND DOUBLE-LAYER CAPACITANCE

One important parameter in our system is the surface
capacitance (CDL) of the EDL induced at the metal-
electrolyte interface. In order to determine this parameter,
we measure the electrorotation spectrum of the lollipop
head: a single disk with one side coated with gold. To this
end, we generate a rotating electric field using the 500-
μm-gap quadrupolar array. Microelectrodes are subjected
to ac signals of angular frequency ω and amplitude V0.
The phase-lag between neighboring electrodes is fixed to
90◦ [see Fig. 2(b)]. We observe that the disk rotates in
the opposite direction to the field rotation, i.e., counterfield
rotation. Figure 2(a) shows the measurements of the angu-
lar velocity as a function of the frequency for a voltage
amplitude of 20 V and three different conductivities. The
frequency for maximum angular velocity depends on the
conductivity of the electrolyte.

Theoretically, the angular velocity of the particle is
calculated by balancing the time average of the electri-
cal torque on the particle and the viscous torque. The

electric dipole induced on the particle is written as p =
Re[p̃(ω) exp(iωt)], where p̃(ω) is the induced dipole pha-
sor. The time average of the electrical torque is calculated
as τE = (1/2)Re[p̃ × Ẽ∗], where Ẽ is the electric field pha-
sor. For an electric field rotating clockwise within the X -Y
plane, Ẽ = E0(x̂ + iŷ). The induced dipole can be written
as p̃(ω) = 4πεÃ(ω)Ẽ and the time-averaged torque is:

τE = 4πεE2
0Im[Ã]ẑ. (B1)

The viscous torque on a disk rotating around its axis can be
written as τ v = −kθ̇ ẑ, where θ̇ is the angular velocity and
k is a friction coefficient. The steady-state angular velocity
is then given by

θ̇ = 4πεE2
0

k
Im[Ã]. (B2)

Thus, the frequency dispersion of the electrorotation curve
is given by the imaginary part of the particle polarizability.

1. Particle polarizability

The particle polarizability can be found from the solu-
tion of the electric potential for a particle subjected to a
homogeneous electric field with a fixed direction. Let us
assume that the disk is subjected to an electric field along
an axis parallel to a disk diameter, such as Ẽ = E0x̂ or,
equivalently, an applied electric potential φ̃ = −E0x. The
electric potential within the electrolyte is a solution of the
Laplace equation (∇2φ̃ = 0), with boundary conditions on
the disk surface as in the previous section [∂φ̃/∂n = 0
on insulating surfaces and ∂φ̃/∂n = i�(φ̃ − Ṽ0) on the
metallic face].

The perturbation of the electric potential due to the disk
is φ̃′ = φ̃ + E0x. A(�) can be computed by projecting φ̃′
on the Legendre polynomial of order one [25,26]:

A(�) = 3
4πE0

∫
S
(φ̃ + E0x)P1(cos θ)dS, (B3)

where the integration is performed over a surface S that
encloses the disk and P1(cos θ) = cos θ .

We use COMSOL to compute the polarizability of the disk
along an axis parallel to a diameter. For similarity with
experiments, we consider a disk with its metal side fac-
ing a wall at a distance of approximately 1 μm. Figure 8
shows the imaginary part of Ã as a function of �. Impor-
tantly for our purposes, a maximum of Im[Ã] occurs for
� ≈ 2.1 × 105 m−1.

2. Double-layer capacitance

According to Fig. 8, the double-layer capacitance can
be inferred as CDL = 2.1 × 105σe/(2π fmax), where fmax is
the frequency for peak electrorotation in experiments. We
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FIG. 8. The imaginary part of the particle polarizability as a
function of � = ωCDL/σe.

determine fmax by fitting the data to a Lorentzian curve,
Ax/[1 + (x/fmax)

2]. Table I shows the results for the three
different conductivities.
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