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ABSTRACT 

Starting from more than a decade ago, the assembly of colloidal particles under electric 

fields becomes a burgeoning topic. It offers a versatile platform for creating ordered metamaterials 

and manufacturing micro-/nano-devices. While interacting with the electric field, anisotropic 

particles exhibit unique behaviors due to asymmetric properties. Significant advances have been 

made in the manipulation and assembly of anisotropic particles, but fabricating novel structures in 

a controlled fashion remains an enduring challenge. This thesis primarily focuses on investigating 

the out-of-equilibrium behaviors of anisotropic particles under AC electric fields. 

As the simplest out-of-equilibrium example, isotropic particles of different compositions 

have been observed to induce contractile or extensile hydrodynamic flow under an AC electric 

field. To understand this phenomenon, we incorporate both the low-frequency dielectric dispersion 

(LFDD) model and Stern-layer conduction in the calculation of the electrohydrodynamic (EHD) 

flow around a spherical particle and compare the theoretical predictions with experimental 

measurements. The LFDD model captures the dynamic polarization of particles at low frequencies, 

and the incorporation of Stern-layer conductance resolves the puzzle that EHD flow surrounding 

particles with moderate zeta potential can be extensile. Experimentally, we demonstrate that the 

opposite EHD flow directions dictate the different assembly behaviors of polystyrene and silica 

microspheres. We quantitively measure the Stern-layer conductivity of polystyrene particles and 

use this information to successfully predict both direction and magnitude of its surrounding EHD 

flow, which match well with experiments.   

With the understanding of EHD flow around a sphere, we further investigate the propulsion 

and active assembly of polystyrene dimers under AC electric fields. We study the collective 

behaviors of colloidal dimers actuated by a perpendicularly applied AC electric field, which 
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controls the electrohydrodynamic flow at the sub-particle level. Although these motors experience 

strong dipolar repulsion from each other and are highly active, surprisingly, they assemble into a 

family of planar clusters with handedness. We show that this type of unusual structure arises from 

the contractile hydrodynamic flow around small lobes but extensile flow around the large lobes. By 

fine-tuning the surface charge asymmetry on particles and salt concentration in solution, we 

demonstrate the ability to control their collective behaviors on demand.  

Finally, we investigate the impact of geometry and chemical composition on two-

dimensional propulsion of asymmetric particles under both parallel- and coplanar-electrode setups 

in the high frequency regime (~100 kHz - MHz). We find that a metallo-dielectric Janus sphere 

exhibits reversed motion where the metallic lobe orients forward when the substrate is either 

conducting or insulating.  On the coplanar-electrode setup, the metallo-dielectric dimers change 

their orientations from parallel to perpendicular to the applied field at a critical frequency, which is 

the same one under which the dimers reverse their propulsion directions. More importantly, we 

have also discovered that asymmetric all-dielectric particles can propel in the high-frequency 

regime and its propulsion direction is opposite to that at low frequencies. Interestingly, the particles 

are also lifted above the conducting substrate while propelling. Our experiments using nanoparticle 

tracers further reveal strong and contractile flow around each lobe, suggesting an unbalanced 

electrohydrodynamic flow originated from the electroosmosis of double layer near the electrode. 

This new propulsion mechanism greatly extends the availability of active colloids and may inspire 

new design of active matters. 
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CHAPTER 1 

INTRODUCTION AND BACKGROUND 

Section 1.2 of this chapter is modified from the second section of a published book chapter1 

Fuduo Ma2, Xingfu Yang3, & Ning Wu4 

This chapter introduces the background of anisotropic colloidal particle and reviews recent 

advance regarding the electric field directed propulsion and assembly of particles. 

1.1 Motivation 

Colloidal systems are ubiquitous, such as cells in every living organism, milk in the pantry, 

or fog in a chilly winter morning. The word “colloid” was first introduced by Thomas Graham 

when he observed particles diffused but, unlike molecules, were not able to penetrate nano-sized 

pores2. Nowadays, colloidal particles usually refer to microscopic particles dispersed in a 

continuous phase, usually in water but can be in other liquid, gas, or solid, and are categorized 

under soft condensed matter or complex fluids along with polymers, gels, etc. Among many 

characteristic features, size may be the most important and descriptive trait of colloidal particles. 

The size of a colloidal particle typically ranges from nanometers to micrometers, which makes it 

possible for in-situ observation and characterization using optical and electron microscopes. 

Interest in colloidal particles has always been avid since the emergence of the topic. The 

utmost reason behind this fervor is because the phenomena of colloidal particles stands at the  
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center of understanding living matter, such as the transportation of cancer cells or knotting of 

DNA, and defines the transformation of the physical environment that surrounds mankind, such as 

the formation of river delta and nucleation of rain drops. Other than the intrinsic significance, study 

of colloidal particles also helps elucidate fundamental questions in material science such as glass 

transition and crystal nucleation3-5 

Unlike the heterogeneity and polydispersity presented in natural colloidal particles, many of 

the synthetic particles are able to provide well-defined controllability over one or multiple 

properties, to name a few, the monodisperse polystyrene particles6-8, silica/octadecyl silica 

particles9,10, polymethyl methacrylate particles11, and quantum dots12. Due to surface energy 

minimization, synthetic particles are usually spherical with homogeneous surface properties, which 

merit fundamental understanding of the colloidal interactions and establish solid foundations to 

further build functional materials such as photonic band gap materials13. In addition, colloidal 

particles, serving as building blocks, can self-assemble or assemble under external fields into 

complex structures. For example, monodisperse colloidal particles can spontaneously form highly 

ordered structures which exhibit distinct structural colors resulting from incomplete photonic band 

gaps14,15. 

Compared with self-assembly, directed assembly with external fields offers several 

advantages especially for anisotropic particles. First, the strength, type, and distance dependence of 

field-induced interparticle interactions16-20 can be tuned over a much wider range than those in self-

assembly. Second, different types of particle anisotropy often respond to the applied fields in 

intrinsically different ways, which enables us to probe their specific impacts on assembly. Third, 

the external field can be turned on, off, or programmed with different patterns on demand21,22. By 

modulating the kinetics of assembly, one can explore both kinetically favorable and 
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thermodynamically stable configurations, which are usually different. Last but not the least, a 

uniform field is usually sufficient to induce directional interactions on structurally isotropic 

particles.23,24 Although it is beyond the subject of this thesis, such a unique feature of field-directed 

assembly provides a convenient alternative route to obtaining complex structures without tackling 

the synthetic challenge of making monodisperse anisotropic particles. 

However, due to highly symmetric potentials (e.g., electrostatic and van der Waals) of 

spherical particles, only a few crystalline structures or aggregates can be obtained. In the past two 

decades, various anisotropic particles with asymmetric properties in terms of geometry, 

composition, or surface functionality have been fabricated using novel synthetic strategies. 

Particles with different levels of anisotropy, shown in Figure 1.1 open up a new area in the 

colloidal science25. The anisotropy of these particles greatly extends the library of available 

building blocks for complex architectures and offers novel model systems to investigate the 

fundamental behaviors of particles in external fields. In this thesis, electric fields will be applied to 

investigate the behaviors of both individual and an ensemble of anisotropic particles. 

1.1.1 Propulsion of anisotropic particles 

Autonomous colloidal particles can serve as the analogs of motile micro-organisms and are 

highly desirable for many technologies such as drug delivery26,27, microsurgery28, and micro-

robotics29,30. However, locomoting a colloidal particle in a liquid medium represents an enduring 

challenge because all traditional swimming mechanisms based on inertia will fail in this low 

Reynolds number regime. Owing to the small scale of colloids, the inertia of both the particle and 

the surrounding fluid is negligible, and fluid flow obeys the Stokes equation. To sustain a 

continuous motion of colloidal particles, forces are usually necessary. Upon exploiting energy 

input from the surrounding medium or external sources, colloidal particles can propel beyond 
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random Brownian motion. Several methods have been proposed, and they can be categorized by 

whether relying on external energy sources or not. 

 

Figure 1.1 Illustration of the transition from isotropic to anisotropic particles.  Reprinted from 
reference25. 

1.1.1.1.1 Self-propulsion 

Colloidal particles can themselves generate flow in specially designed fuel medium, 

hydrogen peroxide, for instance. To be capable of propulsion, breaking symmetry on the particle is 

crucial. In reality, the asymmetric particles are usually made from catalytic materials. Drawing 

energy from the fuels in the surrounding medium , these colloidal particles can generate significant 

motion. Due to the effect of Brownian motion, the propulsion is only directional in short time and 

remains random over a long run31. The so called self-electrophoresis is one prominent example. 

Sen et al. 32 discovered that a platinum/gold metallic rod propelled in hydrogen peroxide solution, 

where oxidation occurred at the Pt end and reduction took place at the Au end for the overall 

reaction: H2O2 → H2O + O2. The electrons flow within the metallic rod from the Pt endto the Au 

end, while the protons flow in the opposite direction in solution, engendering an electroosmotic 

flow, which can be described by  
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 DFh
u j
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  (1.1) 

where ζ, F, h, λ , η, D, and j are electrochemical potential, Faraday constant, nano-motor length, 

Debye thickness, viscosity, diffusion coefficient of protons, and the reaction flux, respectively33. 

The propulsion speed is proportional to, like conventional electroosmosis, the electrochemical 

potential difference across the rod34. They further confirmed that the electron transportation 

through the metallic rod is necessary in that a Pt-insulator-Au rod did not move. The propulsion 

speed of self-electrophoresis can be as fast as 15 body lengths per second. Mano and Heller35 

demonstrated that a carbon fiber, consisting of a terminal glucose oxidizing micro-anode and an 

oxygen reducing micro-cathode, can propel at the water-air interface. The propulsion speed is 

about one body length per second. Although the propulsion speed is smaller, it is driven by a bio-

compatible fuel such as glucose instead of the toxic H2O2. 

Some other methodologies have also been explored. For example, diffusiophoresis, another 

classical self-propelling phenomenon, occurs when the concentrations of reaction products 

accumulated at two sides of an asymmetrical catalytic particle are not equal. The resultant pressure 

gradient drives the particle to move. For example, a platinum-silica dimer exhibits catalytic 

propulsion in hydrogen peroxide solution with quasi-linear or quasi-circular trajectories27. Bubble 

propulsion is another very effective method for particle propulsion. When gas is generated fast 

enough on the catalytic surface, the bubbles nucleates, grows, finally erupts and locomotes the 

particle. For example, the concave surface of a polyaniline/platinum bilayer micro-tube generates 

oxygen bubbles at one end in hydrogen peroxide solution, and the micro-tube propels at an ultrafast 

speed of 350 body lengths per second36. Our group demonstrated that convex surface of a Pt-

polystyrene dimer can efficiently induce bubble generation. Both the rough surface and high 
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catalytic activity of the platinum coating contribute in transforming the propulsion mechanism 

from diffusiophoresis to bubble propulsion37. 

1.1.1.1.2 Field-induced motion 

Propulsion of particles with external fields such as electric, magnetic, optical, convective, 

or ultrasonic38, is versatile and provides better control of both directionality and speed, while 

circumventing the necessity of fuels. For instance, by introducing a magnetic field, linear motion of 

a Pt-Ni-Au-Ni-Au segment was achieved in hydrogen peroxide solution32. Fischer and coworkers 

showed that a chiral colloidal silica propeller partially coated with cobalt can be controlled with 

micrometer precision under an external magnetic field39. 

Among different types of fields, the reemergence of electric field in the last two decades is 

particularly interesting since use of electric field has a long history in commercial applications and 

academic studies. The particle propulsion speed under a uniform electric field due to 

electrophoresis is proportional to the field strength, and its direction typically aligns with the field. 

However, recent studies showed that colloidal particles can propel traverse to the field direction 

and the propulsion speed scales with the second power of the field strength40,41. For example, the 

gold-polystyrene (Au-PS) Janus particle propels perpendicularly to the applied field with the PS 

hemisphere leading under a uniform AC field of frequency 100 Hz-10 kHz. The swimming speed 

is proportional to the second power of the field strength and decreases with increasing salt 

concentration42. Our group also showed that both polystyrene and metallo-dielectric dimers 

propelled under a perpendicularly applied AC electric field, and the speed was inversely correlated 

to frequency37,43.  
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1.1.2 Assembly of anisotropic particle 

Isotropic particles, extensively studied in colloidal assembly, can only experience 

separation-dependent interactions, which prevents the formation of exotic patterns. By tailoring the 

anisotropic geometric, compositional, and interfacial properties on particles, however, they can be 

assembled into complex structures, potentially useful for applications including metamaterials and 

high-resolution sensors. For example, faceted pentagonal silver nano-rods readily self-assemble 

into smectic-like mesophases, and exhibit remarkable optical properties with strong plasmon 

resonances in the visible and near-infrared regimes44. Granick and coworkers demonstrated that 

zwitterionic Janus spherical particles, i.e., with opposite surface charges on two hemisphere,  

assemble into a variety of equilibrium aggregates, as shown in Figure 1.22. Recently, by tuning the 

frequency of an electric field, they showed that the same Janus spheres can assemble into swarms, 

chains, and clusters45. Shields et al. fabricated a wide range of patchy particles, and found a 

number of well-ordered architectures including cylindrical, prismatic, and staggered chains under 

AC fields. They further showed that the assembly process was controlled by the position of metal 

facets and the field frequency46.  

Figure 1.2 self-assembled structures from particles with nearly equal positive (red) and 
negative (yellow) charges on two hemispheres. (A) epifluorescence images; (B) Monte Carlo 
simulation; (C) Charge distribution calculation.  Reprinted from reference1. 
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1.2 Background 

 In this section, the major components involved in understanding the colloidal behaviors 

under AC electric fields are discussed, including Brownian motion, Derjaguin-(Landau-Verwey-

Overbeek (DLVO) theory, electric polarizability of a spherical particle, induced dipolar interaction, 

and induced-charge electroosmosis.  

1.2.1 Brownian motion 

 Brownian motion, first discovered by Scottish botanist Robert Brown in his study of pollen 

particles in 1827, is perhaps the defining property of colloidal particles. Brownian motion describes 

the ceaselessly random translation and rotation of microscopic objects in a suspension due to the 

instant unbalanced bombardment of fluid molecules. The Stokes-Einstein expression is probably 

the most famous theory for Brownian motion even though Langevin’s derivation is spectacularly 

simple. The translational diffusion coefficient D, a positive constant used to describe the thermal 

motion of a particle, is proportional to temperature and the reciprocal of its radius  

6 av

RT
D

N a 
=                  (1.2) 

where R, T,  Nav, a, are the ideal gas constant, Avogadro’s number, and particle diameter, 

respectively. The mean squared displacement of a particle 2
r  is proportional to time 

   2 6r Dt  =                                           (1.3) 

For the sake of the microscopic scale of colloidal particle, the diffusion coefficient is large, 

so that its Brownian motion is observable. Therefore, Brownian motion is important in 

understanding random or directional motion of particles and equilibrium/dynamics of the 

assembled structures47,48  
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1.2.2 DLVO theory 

The DLVO theory (Boris Derjaguin and Lev Landau, Evert Verwey and Theodoor 

Overbeek) explains the aggregation of aqueous dispersions quantitatively and describes the force 

between charged surfaces interacting through a liquid medium. 

 

1.2.2.1 Charged surfaces in solution: electric double layer 

 Colloidal particles are charged in a solvent typically resulting from crystalline defects, 

dissociation of surface functional groups, or absorption of charged species. For example, the 

surface of oxides typically becomes negatively charged when immersed in a pH neutral aqueous 

solution due to the deprotonation of their hydroxide groups ( OH O H− +→ + ), while a surface 

Figure 1.3 Schematic illustrations and corresponding electric potential curves versus distance from a 
charged surface based on the (a) Helmholtz model, (b) Gouy–Chapman model, and (c) Stern model1. 
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with amino groups is positively charged ( +
2 3NH H NH++ → ). The electric double layer model 

is used to visualize the ionic environment in the vicinity of a charged surface, as shown in Figure  

Gouy-Chapman model extends from Helmholtz’s classic model, which states that the 

surface charges are linearly screened by counterions at an increment of d away from the surface. 

Gouy and Chapman took into account the thermal motion of ions to show that the surface charges 

are screened by a diffuse layer of counter-ions and the layer thickness is related to the ionic 

strength, as shown in Figure 1.3 (b). The counter-ions are regarded as point charges in a dielectric 

medium, and the attraction/repulsion is counter-balanced by Brownian motion. Inside the diffuse 

layer, the charge neutrality does not hold, and far away from the diffuse layer the impact of surface 

charges vanishes49. 

 Considering a charged flat surface immersed in a symmetric salt solution, i.e. z+ = z−, the 

well-known Poisson-Boltzmann equation is 

 
2

0 2
exp exp 2 sinh[ ( ) ( )] ( )

B B B

d ze ze ze
zen zen

dx k T k T k T

    = − − − =                            (1.4) 

   
where   is the electrostatic potential at point x, e is the elementary charge, n  is the number 

density at bulk, kB is the Boltzmann constant, ε0 is the vacuum permittivity, and ε is solvent 

dielectric constant. Applying the appropriate boundary conditions, 

s =  at x = 0  and 0 =   at x→      (1.5) 

the solution yields 

   
1 exp tanh( / 4)

2ln
1 exp tanh( / 4)

( )[ ]
( )

S

S

x

x

 


 

+ −
=

− −
                                             (1.6) 
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where all potentials, i.e.,   and s  are scaled with the thermal electric potential / ~ 25Bk T ze mV . 

In Eq. (1.6), κ−1 is a length scale that depends on the ionic strength and temperature, commonly 

referred as the Debye length. 

      1 1/20
2 22

( )Bk T

e z n

 −



=                                                  (1.7) 

The Gouy-Chapman model offers quantitatively accurate results only when the surface 

potential is lower than thermal voltage and the salt concentration is low. The charges in the diffuse 

layer are mobile and can respond to any externally applied electric field. Therefore, the charges in 

the diffuse layer is fundamentally important to understand a number of electrokinetic phenomena, 

such as electrophoresis and electroosmosis. However, Gouy-Chapman’s approximation is highly 

ideal, and it assumes point charges and continuous distribution of ions near the surface. 

Stern proposed that approximately one layer of hydrated counterions is attached on the 

surface. They are immobile in contrast to mobile charges in the diffuse layer presented in Gouy-

Chapman model. In other words, an immobile layer is added between the surface and the diffuse 

layer as shown in Figure 1.3 (c). The electrical potential declines linearly from the surface potential 

s  to the Stern layer potential D , and then gradually decays to zero obeying the Gouy-Chapman 

model. Correspondingly, only ions outside of the Stern layer can slip under shear (the surface of 

shear in Figure 1.3 (c)), and the potential at the shear plane is the commonly known as the zeta 

potential ζp
50. The Stern layer indicates that the measurement of zeta potential does not necessarily 

reveal the true surface potential. Actually, the Stern layer can have pronounced effects on zeta 

potential, or more broadly on electrokinetic phenomena. For example, the nominal (measured) zeta 

potential can be enhanced when surface active co-ions are absorbed, or, more markedly, can be 

even of opposite sign in case of significant absorption of counterions51. The inclusion of surface 

conductivity of Stern layer is necessary to account for some experimental observations52,53. 
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However, due to its sub-nanometer nature, Stern layer is still very challenging to be directly and 

fully characterized. 

The capacitive aspect of the stern layer can be conceptually understood as a plate capacitor 

connecting in series with the diffuse layer. Assuming that the surface charge density is σ, the Stern 

layer capacitance can be written as 

   
S

D

C


 
=

−
                                                         (1.8) 

If we assume that the diffuse layer functions as a plate capacitor with capacitance CD, the overall 

capacitance is 

   
D S

1 1 1

C C C
= +                                                        (1.9) 

The conductive contribution of the Stern layer is still somehow elusive. Experimentally, a wide 

range of values, from ∼0.01 − 10 nS, have been reported for different types of colloidal 

particles54,55. A number of methodologies have been developed to estimate the Stern layer 

conductance, which include atomic-force microscopy (AFM), dielectric spectroscopy, and 

calculations based on the density functional theory56-59. For example, Mugele and his coworkers 

utilized high-resolution AFM to show the absorbed ions on the heterogeneous gibbsite/silica 

surface in aqueous solution with atomic level precision60. 

1.2.2.2 DLVO Theory 

 The DLVO theory, depicting the stability of a colloidal system, is named after four pioneers 

in this field, Derjaguin and Landau (1941) from USSR, and Verwey and Overbeek (1948) in 

Netherlands. The stability of colloidal suspension, whether aggregating or not, depends on the 

counterbalancing between the double layer interaction Wel resulting from the charged surfaces, 

usually repulsive, and the universal van der Waals interaction WvdW, usually attractive. 
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   Wtot(h) = Wel(h) + WvdW (h)      (1.10) 

where h is the separation between two particles. The van der Waals potential, which includes 

interactions from the induced dipoles over the volume of the particles, is insensitive to the variation 

of the surrounding environment, such as pH or salt concentration. For a separation of h between 

two particles of material 1 with radius a in medium 2, the van der Waals interaction can be written 

as 

  121
vdW ( )

12

A a
W h

h
= −                                                   (1.11) 

where A121 is the Hamaker constant, depending on the refractive index and permittivity of both 

particle and medium. 

 The electrostatic interaction is largely due to the overlapping of the electrical double layers. 

Solving Eq. (1.4) yields the distribution of ions within each double layer. With the Derjaguin 

approximation, for all κh, the solution for two dissimilar spherical particles with moderate to high 

zeta potentials is 

  
2

2
el 0( ) 16 ( ) tanh ( ) ln(1 )

4
p h
ekT a

W h e
e kT a h


  −= +

+
                      (1.12) 

If the colloidal particle is regarded as a macroion with effective or renormalized charge Z61, then a 

simple form of overall DLVO potential62 between two particle can be written as 

  2( ) e e

1
( )

a r

DLVO
B

B

W r
Z L

k T a r

 



−

=
+

                                            (1.13) 

where LB is the Bjerrum length,  

  
2

04B B

r

e
L k T

 
=                                                     (1.14) 
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Figure 1.4 Schematic energy versus distance profiles for the DLVO interaction. The actual 
magnitude of the energy W is proportional to the particle size (radius) or interaction area (between 
two planar surfaces).   Reproduced from reference1. 

 

Eq. (1.13) shows that a large Debye length κ−1 is favorable for particle stabilization. Since Debye 

length is inversely correlated to salt concentration low salt concentration helps to maintain stability 

of colloidal suspension. Figure 1.4 shows the net DLVO interaction profile for different surface 

charge densities, so apparently, in order to stabilize the colloidal suspension, high surface charge 

density is desirable even though a secondary minimum could still exist. 

 
1.2.3 Electric polarizability of a spherical particle and the induced dipolar interaction 

 Under an applied electric field i t
e

−
0E , a colloidal particle will be polarized and acquire an 

induced dipole moment, which is the key to determine the dipolar, dielectrophoretic, and 
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electrohydrodynamic interactions involved in assembly. For an isotropic sphere, the polarizability 

  is defined as the ratio of the induced dipole moment p to the external field, 

( ) ( )3
m 04i t i t

e a K e
     − −== 0 0Ep E                                           (1.15) 

where i  is the imaginary unit,   is the angular frequency, m  is the dielectric constant of the 

medium, 0  is the vacuum permittivity, a  is the particle radius, and K  is the polarization 

coefficient or the so-called Clausius-Mossotti factor63,64. In the absence of double layer, e.g., 

neutral particles in non-polar solvent are polarized simply due to the mismatch of their dielectric 

constants. The resulting polarizability is largely independent of frequency. When particles are 

dispersed in an aqueous solution or polar solvent, ions in double layer are mobile due to a 

combination of electro-migration, diffusion, and convection, giving rise to the complex 

polarization behaviors that sensitively depends on frequency  , Debye length 1 − , particle zeta 

potential p , radius a , and electrical properties of both particle and solvent such as conductivity 

and dielectric constant.     

 Two primary polarization mechanisms relevant to colloidal assembly are the so-called low 

frequency dielectric dispersion (LFDD) and Maxwell-Wagner-O'Konski (MWO) relaxation.65 

When frequency is low, both counter- and co-ions in the diffusive layer have sufficient time to 

travel to the poles of a particle respectively, leading to a macroscopic polarization of the double 

layer. This process, however, also induces an ion concentration difference outside of the double 

layer between two poles. At equilibrium, the electro-migration flux of ions within the double layer 

is counter-balanced by the diffusion flux from the surrounding bulk solution, which reduces the 

polarization coefficient. Correspondingly, the characteristic time scale for LFDD is 2
α ~ /a D  
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(where D  is the ion diffusivity). When frequency is much higher than 1
α
− , ions cannot keep the 

pace to travel over the whole particle, but there exists another interfacial polarization phenomenon 

(i.e., MWO) due to the mismatch of dielectric and conductive properties between particle and  

 

Figure 1.5 (a)-(b) The real and imaginary parts of polarization coefficient as a function of 
frequency for a polystyrene sphere with a  =1 µm and different zeta potentials.66  a  =4. Panel a 
and b reprinted from Ref 66. Copyright 2005 Elsevier Inc.  

solvent. The characteristic time for MWO is ( ) ( )δ p 0 m 0 p m2 / 2      = + + , where m  and p  

are the conductivities of solvent and particle, respectively. It is noted that the particle conductivity 

p  entails contributions from the bulk p
b  (negligible for dielectric material) and its associating 

double layer p
s  , i.e., the surface conductivity. p

s  can be larger than the solvent conductivity m  

because of much higher ion concentration in the double layer than in the bulk, especially when the 

particle zeta potential is high. Although analytical solutions have been developed for calculating 

the polarization coefficient due to LFDD67 or MWO,68,69 they are typically restricted to thin double 

layers, i.e., when 1
a − . Numerical algorithms for calculating the polarization coefficient for a 

broad frequency range and arbitrary particle sizes are also available66. 

 Figure 1.5 a-b show the frequency dependence of the polarization coefficient K  of 1 m

polystyrene microsphere on zeta potentials.66 Several characteristic features are worth noting. First, 
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the dipole moment of a dielectric particle can be positive at low frequency if it is highly charged 

and the salt concentration is low, since its surface conductivity becomes larger than the solvent. 

Second, the high-frequency limit for ( )Re K  is ( ) ( )p m p m/ 2 0.5   − +  − , determined solely by 

the difference in dielectric constants between the particle and the solvent. Third, at intermediate 

frequencies, the polarization coefficient can change non-monotonically due to both LFDD and 

MWO, clearly reflected by two peaks in ( )Im K . An interesting scenario is illustrated in Figure 

1.5a for 60p = −  mV, where ( )Re K  is positive at intermediate frequencies but negative at both 

low and high frequencies. As we will show later, both sign and magnitude of the polarization 

coefficient K  have significant impacts on the interactions between particles, which dictates their 

assembly behaviors.     

  While a neutral but polarized particle feels no net force under a uniform electric field, it 

will experience a dielectrophoretic (DEP) force if the field is non-uniform. This force results from 

interaction between the induced dipole and the applied field,   

( ) ( )3 2
m 0 0,rmsDEP

1
( ) Re * 2

2
Rei t

e at K
  − =   =  0 EF p E                                     (1.16) 

where DEP ( )tF  is the time-average of the DEP force over one period and the asterisk represents 

complex conjugation. 0,rmsE  is the root-mean-square of the applied AC electric field. Eq. (1.16) 

indicates that the DEP force is proportional to the real part of the polarization coefficient and 

gradient of the imposed electric field squared. Therefore, the applications of DEP typically involve 

micro- or nano-scale devices where an extremely high field gradient can be achieved. When 

( )Re K  is positive (negative), the DEP force pulls the particle towards the regime of high (low) 



 

18 
 

field strength. Correspondingly, it is coined as positive (negative) DEP. The frequency dependence 

of polarization coefficient ( )K   has been widely utilized for trapping, manipulating, and 

separating particles, cells, and biological molecules.70  

 It should be noted that even if the applied electric field is uniform, DEP force can arise 

when two particles are close to each other. This is because that the induced dipole on one particle 

itself generates a localized but non-uniform electric field. The local field intensity is maximum at 

two poles and minimum at the equator. As a result, two identical particles feel an induced dipolar 

interaction1, 41 that can be written as  

  
22 2 4 2

dip m 0,rms

3 2 ˆˆ( ) [(3cos 1) (sin 2 ) ]
4

a
a K E

r
  = − +F r θ       (1.17) 

where r  is the center-to-center distance between particles, K  is the modulus, and  is the angle 

between the particle centers and the field direction. Clearly, identical particles will tend to 

assemble into 1D linear chains parallel to the applied field.  

1.2.4  Induced-charge electroosmosis 

 When a polarizable (e.g., metallic) particle is immersed in an electrolyte solution, it is 

instantaneously polarized upon the application of an external field and the field lines intersect the 

particle's surface at right angles. Subsequently, equal amounts of positive and negative ions are 

induced around two hemispheres. Such a dipolar charge cloud continues to grow until no field lines 

penetrate the diffusive layer. The tangential component of the imposing field drives an 

electroosmotic flow from the poles of the particle towards its equator under both static and 

oscillating electric fields,71,72 resulting in a quadrupolar flow pattern (Figure 1.6a). Clearly, such 

flow will lead to attraction between particles along the pole and repulsion along the equator. 
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Distinct from the conventional electroosmotic flow, the mobile charges in the Debye layer are 

induced by the applied field rather than the equilibrium particle zeta potential. Therefore, the 

induced-charge electroosmotic (ICEO) flow velocity ICEOU  is proportional to 2
E , indicating that it 

is a nonlinear electrokinetic phenomenon. A key feature of ICEO is the characteristic time for the 

formation of induced-charge screening clouds,40 which can be estimated from an equivalent RC 

circuit, i.e., ICEO /a D = . This time scale is moderately high, for instance, 4
ICEO 10 − s for a 

metallic sphere of 1 µm suspended in 10−5 M potassium chloride solution. When 1
ICEO  − , ICEO 

becomes much weaker.42 It is notable that ICEO is also weak when   is small, because the 

induced diffusive layer near electrodes form an effective capacitor and reduces the field strength in 

the bulk. Over the last decade, ICEO has been primarily used to manipulate and assemble isotropic 

particles73-77, but a few pioneering studies have already demonstrated its promise to assemble 

metallodielectric Janus particles.78,79  

Figure 1.6 (a)A representation of ICEO flow induced by the static electric field that drives the 
induced charge cloud and sets up a quadrupolar flow.72 (b) Calculated streamlines for the EHD 
flow surrounding a dielectric sphere.80  The flow direction (clockwise or counterclockwise) 
depends on both the real and imaginary parts of the polarization coefficient. Panel a reprinted from 
Ref 72. Copyright 2006 Cambridge University Press. Panel b reprinted with permission from Ref 80. 
Copyright 2007 Cambridge University Press. 
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 From the last decade, ICEO regains a lot of interest in academia and has been demonstrated 

in manipulating and trapping particles. By breaking the fore-aft symmetry, Gangwal et al.42 

reported the motion of gold-polystyrene (Au-PS) Janus microspheres over a range of frequencies 

and in different salt concentrations (Figure 1.7). The charges in the diffuse layer drive a strong flow 

around the metallic hemisphere than the dielectric hemisphere, so that the unbalanced ICEO flow 

carries the Janus particle to move. The equator of the Janus particle aligns with the field but its 

motion direction, shown as Figure 1.7 b, is perpendicular to the field. They found the magnitude of 

the ICEO is inversely correlated with salt concentration. A complete three-dimensional (3D) model 

of a polarizable particle in micro-channel is calculated to show the transient ICEO flow81. 

Polarizable particles moved toward anode or cathode in the micro-channel with floating electrodes 

by controlling the field strength73.  

 

Figure 1.7 (a) Schematic of a typical experimental set-up for studying the ICEO flow around Janus 
spheres. (b) The propulsion speed of Janus particles as a function of electric field intensity squared 
E2 for various NaCl concentrations at 1 kHz. (c) Optical micrographs of the propulsion direction 
and orientation of Janus particles of three different diameters (140 V/cm). (d) Schematic of the 
ICEO flow in one-half cycle of the AC electric field. Adapted from reference[32] 
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 ICEO flow has also been used for pumping electrolyte solution using AC electric fields 

from arrays of microelectrodes82. On the other hand, a symmetric electrode design will generate no 

net pumping of liquid in one direction because the opposite polarity of adjacent electrodes 

produces counter-rotating flow. Using asymmetrically stacked elliptical metal posts, Sugioka83 

successfully suppressed the reverse flow in ICEO pumping and improved the pumping efficiency.  

 Several discrepancies between experiments and theory have been reported and their origins 

are still under debate. One puzzle is that ICEO strongly decays with increasing salt concentration 

and vanishes around 10 mM salt concentration, which limits ICEO’s application in biological 

systems. Another puzzle is that the observed propulsion speed is orders of magnitude weaker than 

theoretical prediction. Pascall and Squires84 compared the measured ICEO flow with different 

thickness of silica coating on polarizable surfaces with theory and proposed to ascribe this 

discrepancy to the surface contamination. 

1.2.5 Electrohydrodynamic Flow 

ICEO flow can also be initiated on an electrode, which is also a polarizable surface. In 

particular, when a (dielectric or metallic) particle is placed near a conducting substrate in an 

electrolyte solution under a perpendicularly applied electric field, a lateral flow is engendered near 

the electrode and around the particle, which is commonly coined the electrohydrodynamic (EHD) 

flow (Figure 1.6b)80,85.  

Back to 1984, Richetti et al.86 reported that two-dimensional hexagonal arrays of 2 µm 

polyvinyl toluene particles were formed under an AC electric field of a kilohertz range, which was 

unexpected since the particles should experience strong dipolar repulsion from each other. 

Similarly, Trau et al. found that micro- and nano-sized polystyrene particles suspended between 

two ITO plates exhibited long range attraction and aggregated into layers of ordered structures 
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under a uniform AC electric field41. The lateral attraction of particles can be modulated by tuning 

both field strength and frequency. Since the ICEO flow around dielectric particles is negligible, this 

then-called electrohydrodynamic interaction is different from the ICEO flow. The original paper 

indicated that the ionic current flowing through the solution may result in this electrohydrodynamic 

flow. Yeh et al.87 later imaged the flow field around individual particles to confirm that the long 

range attraction caused the ordered planar structure formation, and argued that the field distortion 

owing to the inhomogeneities of the double layer at the electrode surface induced this flow. 

The origin of EHD is still under debate in the literature18. Ristenpart et al.80,85 proposed that 

the flow was essentially an electroosmotic slip of the induced charges near the electrode. Although 

the field is applied perpendicularly to the electrode, it also polarizes the particle and the induced 

particle dipole generates a local field. The tangential component of this local field drives the 

induced charges and solvent flow along the substrate. In addition to this mechanism, an observed 

phase lag between the particle’s vertical periodic movement and the applied oscillating field might 

also contribute to the EHD flow, especially at low frequencies88,89 The electrohydrodynamic flow 

velocity along the substrate EHDU  is proportional to the induced charges on the substrate and the 

tangential component of the local electric field,90 

 
( ) ( ) ( )
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where   is the solvent viscosity, Vp  is the peak voltage applied between two electrodes that are 

separated with a distance of 2H, r is the lateral distance from the point of evaluation to the center of 

the particle, and the field frequency   is scaled by the inverse of the electrode RC charging time, 

i.e., /H D  = . Eq. 1.18 captures several key features of the EHD flow, which is quite different 

from ICEO flow. First and foremost, although the applied field induces surface charges along the 
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particle or electrode in both cases, the origin of the electric field that drives electroosmotic flow is 

different. In ICEO, the applied field itself acts on the induced charges, while in EHD the applied 

field polarizes the particle and it is the tangential component of the secondary dipolar field that acts 

on the induced charges near the electrode. But the magnitudes of both ICEO and EHD flows obey a 

quadratic dependence on the imposed field strength. Second, unlike the 1/r2 dependence of ICEOU , 

the EHD flow decays much faster as 1/r4. Third, the EHD flow decreases as frequency increases, 

i.e., 1
ICEOU − . Finally, the EHD flow direction can be contractile (i.e., towards the particle) or 

extensile (i.e., away from the particle),91 depending on the real and imaginary parts of the 

polarization coefficient.  

 EHD flow has been used to manipulate and assemble colloids and cells. Liu et al.92 

measured the aggregation rate of particles near an electrode, and found that the mean equilibrium 

distance in the resultant hexagonal assembly depended on particle size, ionic strength, and field 

strength. Furthermore, they investigated the order parameters of the assembled structures, and 

reported that the optimal frequency windows for high-quality crystals depended on particle size93. 

An increase of temperature expanded the frequency window and equilibrium particle distance 

ranged from a few percent of to several particle diameters depending on temperature, particle size, 

field strength, and frequency94. Ristenpart’s group quantified the impact of salt type on the 

aggregation rate of both positively and negatively charged particles, and reported that the 

aggregation rate was positive for particles in neutral salt solutions while particles repelled each 

other in basic solutions95. They argued that high zeta potentials resulting from the dissociation of 

surface groups in acidic and basic solution was the reason for this negative aggregation rate. Zhou 

et al.96 exploited EHD on a mixture of yeasts and polystyrene particles, and observed distinct 

morphologies due to their differences in dielectric response. EHD is also capable of driving particle 
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propulsion and rotation. Our group90 reported that breaking the symmetry of EHD flow, by creating 

anisotropy in particle composition, geometry, or surface functionality, can induce directional 

motion of colloidal particles.  

Aside from the debate over the origin of ICEO initiated on the electrode, additional 

paradoxes have been observed. For example, the experimental observations95,97,98 that polystyrene 

particles aggregated in pH neutral or weakly basic solution while separated from each other in 

deionized water or strongly basic solutions contradicts the current prevailing EHD theory since the 

physics involved in the electrokinetic theory is the same in different pH environments. 

1.2.6 Assembly of anisotropic particles under AC electric fields 

The geometric anisotropy of particle discussed first, followed by interfacial anisotropy and 

compositional anisotropy. 

1.2.6.1 Assembly of particles with geometric anisotropy 

 Because of the broken symmetry, the polarizabilities of a non-spherical particle (e.g., 

nanowires,99 ellipsoids,100,101  rods,102-104 cubes,105 polyhedra,106 and dumbbells107-109) along its 

major and minor axes are different.64 Therefore, both amplitudes and the associated characteristic 

time scales for LFDD and MWO depend on particle geometry sensitively. If the field is static, 

individual particles typically experience an orientational torque that tends to align their longer axes 

with the field direction. If the field is oscillating, the particle's stable orientation often depends on 

frequency. Such an effect has been exploited for aligning nanowires110-115 on patterned electrodes, 

probing the field-induced birefringence116 for electro-optical devices, and packing ellipsoidal 

particles for anisotropic thin films.101 As expected, in concentrated rod115 and ellipsoid104 solutions, 

both DC and AC electric fields can induce the formation of liquid crystal phases. At high field 

strength, a new crystalline phase in which strings of silica rods stagger and pack into a hexagonal 
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pattern has been observed. The staggered arrangement emerges from minimizing the strongly 

unfavorable side-by-side dipolar repulsions, as elucidated by computer simulations.106 Silica rods 

with double layer repulsion that extends significantly beyond their lengths117 can also self-assemble 

into three-dimensional plastic crystals. Upon applying the electric field, however, the rod rotation 

can be fully arrested so that the plastic crystal transforms into a full crystal, potentially useful for 

photonic applications.   

 
 

Figure 1.8 (a) Under a coplanar electric field, ellipsoids assemble into individual chains with a 
characteristic angle   with respect to the field. Further growth between chains leads to arrays with 
a centered rectangular unit cell.100 (b) Under a perpendicularly applied electric field, chains and 
sheets assembled by ellipsoids bend into regular tubular structures.118 Panel a reprinted from Ref 
100. Copyright 2009 American Physical Society. Panel b reprinted from Ref 118. Copyright 2014 
Nature Publishing Group.  

 In addition to rich phase behaviors, the impact of non-spherical shape on the induced dipole 

can lead to new and complex structures during assembly between multiple particles. As shown in 

Figure 1.8a, ellipsoids can assemble into chains oriented at a non-zero angle with respect to the 
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field.100 This angle decreases as the ellipsoid aspect ratio increases. When the field is applied 

perpendicularly to the substrate, ellipsoids with low aspect ratios first form chains and sheets along 

the field direction. Within the frequency range where dipolar interaction is unscreened, these sheets 

can surprisingly bend and form well-defined microtubules (Figure 1.8b).118 Colloidal metal-organic 

frameworks are typically polyhedral in shape with truncated crystalline facets. It is therefore 

possible to achieve facet-selective attachment between particles if the surface area of one facet is 

much larger than the others.119 The structures assembled by anisotropic particles can further 

influence the behavior of secondary particles. For example, when particles with concave bowl 

shapes form long and linear chains under an AC electric field, spherical particles with 

complementary curvature can be attracted inside the bowls to minimize the electrostatic energy, 

forming lock-and-key assemblies120 similar to those induced by the depletion interaction.121  

 Most of the experiments discussed above utilize high frequency AC electric fields under 

which particles are typically polarized near or beyond the characteristic frequency of MWO 

relaxation (~100 kHz - MHz). At much lower frequencies (ω<10 kHz), particles will be polarized 

through LFDD. More importantly, the emerging electrohydrodynamic flow near the conducting 

substrate can influence particle behavior profoundly. For symmetric dimers,122 the orientation of an 

individual particle is controlled by the competition between hydrodynamic, electric, and Brownian 

torques, while the aggregation between particles is determined by electrohydrodynamics and 

dipolar interaction (Figure 1.9a). For dimers with asymmetric lobes, the dipolar interaction between 

particles depends on their relative orientations and frequency.109,123 Below 2 kHz, several lying 

dimers are attracted around a central standing dimer, resulting in close-packed clusters with 

chirality (Figure 1.9b-d).123 Interestingly, these clusters also rotate either clockwise or 

counterclockwise based on their handedness due to an unbalanced EHD flow surrounding them.90 

When all dimers are aligned parallel with the field above a few kilohertz, there exists an apparent 
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attraction between oppositely oriented standing dimers. Shown in Figure 1.9e, depending on 

particle concentration, small clusters, linear chains, square lattices, and frustrated triangular arrays 

that closely resemble antiferromagnetic lattices have been observed.109 The preferential association 

between oppositely oriented dimers can be attributed to a much weakened dipolar repulsion, 

compared with a pair of similarly orientated dimers. When the additional EHD attraction is taken 

into account, the overall pair interaction becomes attractive for oppositely oriented dimers, but 

remains repulsive between similarly oriented ones. Monte Carlo simulations faithfully reproduce 

different structures observed in experiments.109  

1.2.6.2 Assembly of particles with interfacial anisotropy 

Anisotropy can also arise from altering the interfacial properties on specific parts of the 

otherwise plain particles. The patchy metallodielectric particles have been commonly used because 

of the ease to directionally deposit a thin metallic film on a monolayer of dielectric spheres.124,125 

When the patchy particles are subject to an AC electric field above 10 kHz, they assemble into 

staggered chains (Figure 1.10a) where the metallic hemispheres face inward to minimize the 

electrostatic energy.126 Although the polarizability of the dielectric core is usually negative across a 

broad range of frequency, that of the metallic cap is a function of frequency. At low frequency, 

ions accumulate near the metallic coating and the induced electric double layer makes field lines go 

around the particle. Based on the similar mechanism that induces ICEO, the polarizability of the 

metallic part is negative. At high frequency (e.g., > 100 kHz), the double layer polarization is 

suppressed and the induced dipole on the metallic patch becomes positive since the conductivity of 

metal is much larger than the solution. The opposite dipoles between the dielectric core and the 

metallic cap can result in quadrupolar interactions between patchy particles, leading to percolated 

networks or lattices with unusual symmetry (Figure 1.10b).127 Remarkably, the  
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Figure 1.9 (a) Different phases of symmetric dimers (L-L, L-S, S-S, and S) are determined by the 
competition between the electrohydrodynamic interaction, dipolar interaction, field-dipole 
interaction, and Brownian motion at different frequencies.122 (b) Chiral clusters formed by 
asymmetric dimers with an increasing number of petals. The central dimer orients its small lobe 
toward the substrate.123 Scale bar: 5 μm. (c) Colloidal quadruplets formed from dimers with 
different aspect ratios, 2 1/R R = .123 Scale bar: 5 μm. (d) The theoretical phase diagram for chiral 
clusters (shaded area enclosed by the dashed lines), as predicted by the electrostatic energy 
model.123 L  is the dimer bond length. Red squares and blue triangles indicate chiral and achiral 
clusters observed in experiments, respectively. (e) Optical images of the standing asymmetric 
dimers at different particle densities.109 Scale bar: 20 µm. Panel a reprinted with permission from 
Ref 122. Copyright 2012 Wiley-VCH. Panel b-d reprinted with permission from Ref 123. Copyright 
2015 National Academy of Sciences. Panel e reprinted with permission from Ref 109. Copyright 
2014 Royal Society of Chemistry. 
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Figure 1.10 (a) The optical micrograph of staggered chains formed at low concentration of Janus 
particles at 40 kHz.126 Scale bar: 70 µm. (b) The optical image of diagonal chains formed by two-
pole patchy particles at 400 kHz. The inset illustrates opposite induced dipoles within the gold and 
polymer parts.127 Scale bars: 20 µm. (c) Optical images of swarms, chains, and clusters of Janus 
spheres under an AC electric field at different field conditions.78 (d) The phase diagram of the 
assembly of Janus ellipsoids on the application of a 10 Vrms AC electric field as a function of salt 
concentration and frequency.128 The bottom shows the computer-generated rendering for 1D Janus-
ellipsoid fibres formed without the electric field. Right: Zoomed-out confocal images of staggered 
chain (SC) and stretched chain-link (CL) assembly structures. Scale bar: 5 µm. Panel a reprinted 
from Ref 126. Copyright 2008 American Chemical Society. Panel b reprinted from Ref 127. 
Copyright 2010 Royal Society of Chemistry. Panel c reprinted from Ref 78. Copyright 2016 Nature 
Publishing Group. Panel d reprinted from Ref 128. Copyright 2015 Nature Publishing Group.  
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crossover frequency where the polarizability of the metallic cap transits from negative to positive 

can be conveniently tuned by molecular functionality, metal film thickness, or salt 

concentration.129,130 This provides a number of ways to tune the assembled structures which cannot 

be possibly achieved for isotropic particles. Such a mismatch in electric responses of two 

hemispheres, when combined with particle motility which is also driven by the electric 

field,78,131,132 has induced the formation of swarms, chains, and clusters that are persistently 

evolving, as shown in Figure 1.10c.   

 Beyond Janus spheres, Shields et al.46 have fabricated a wide range of patchy particles 

using photolithography. Such kind of particles possesses both geometric and interfacial 

anisotropies. Experimental and numerical studies show that the assembly can be well controlled by 

the position of metallic coating and frequency of the applied field. For example, tip-coated rods133 

typically assemble into chains where individual rods orient themselves perpendicularly to the field 

direction, while the side-coated rods can form staggered or doublet chains depending on the 

competition between van der Waals and dipolar attractions. Similarly, the side-coated Janus 

ellipsoids128 self-assemble into fibers with orientation and positional order (or disorder), strongly 

dependent on salt concentration and particle aspect ratio. When an AC electric field is applied, the 

fiber length can be tuned due to particles sliding between neighbors along the gold patches (Figure 

1.10d). Such kind of actuation at the colloidal scale could find potential applications in soft 

robotics or shape-memory materials. 

 Interfacial anisotropy introduces not only more complex dipolar interactions but also 

screened Coulomb interactions between particles, if charged patches are present on otherwise 

neutral particles.134 Under an AC electric field, the dipolar attraction leads to the formation of 

linear chains. But the relative orientation of neighboring particles within the chain is dictated by 

strong Coulomb repulsions between patches. The surprising observation of double helix in a pair of 
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chains assembled from tri-patch particles is probably just one example of many that could emerge 

from the largely unexplored field-directed assembly of colloidal molecules.  

1.2.6.3 Compositional Anisotropy 

Although relatively difficult to make, particles with compositional anisotropy can exhibit 

significant heterogeneity in bulk physical properties themselves (such as dielectric constant, 

polarizability, or density), which can be exploited to effectively control the particle orientation in 

the assembled structures. For example, Nagao et. al.135 studied the assembly behaviors of 

composite dumbbells that consist of a silica (SiO2) or titania (TiO2) lobe and a polystyrene (PS) 

lobe. Under an AC electric field applied parallel to the substrate, individual SiO2-PS dumbbells 

align parallelly with the field direction over the whole frequency regime and assemble into 

longitudinal chains at MHz because of strong torque acting on the induced dipoles of the 

dumbbells. In comparison, when the silica lobe is substituted by titania, which has a much larger 

dielectric constant, the TiO2-PS dumbbells, although still form chains, orient themselves 

perpendicularly to the field direction at low frequency (~kHz) because of the much stronger dipolar 

attractions between TiO2 lobes. Similar effect should also be observed on dumbbells whose lobes 

have the opposite polarizabilities.136   

1.3 Summary 

 Anisotropic colloidal particles exhibit a multitude of exotic properties due to the complexity 

in shapes and compositions. Anisotropic particles, directed under AC electric field, provide a new 

platform for controllable manipulation and assembly of particles into functional materials, which 

potentially blesses the advanced material manufacturing and drug delivery. Induced-charge 

electroosmosis (ICEO) generates flow around polarizable surfaces, and complementary to ICEO, 

electrohydrodynamic flow, a special type of ICEO, is induced around dielectric particles near an 

electrode. As non-linear electrokinetic phenomena, both ICEO and EHD flow hold in AC and DC 
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electric fields, and can be facilely controlled by field strength, frequency, and salt concentration. 

Intrinsic multi-fold complexity of the anisotropic system demands far more attention for deeper 

understanding. Recent studies on anisotropic particles under electric fields have revealed some very 

impressive results, but several puzzles remain. The understanding of anisotropic particle’s 

behaviors is still in its early stage. This thesis strives to straighten up some strands in the out-of-

equilibrium behaviors of anisotropic particles. 
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 CHAPTER 2  

ELECTROHYDRODYNAMIC FLOW AROUND A COLLOIDAL SPHERE IN AC ELECTRIC 

FIELDS: A COMBINED THEORETICAL AND EXPERIMENTAL STUDY  

2.1 Abstract1 

 Particles under an AC electric field can assemble into a variety of complex structures and 

exhibit tunable locomotion. Electrohydrodynamic (EHD) flow around a spherical particle is 

essential to understand the assembly and propulsion behaviors of both isotropic and asymmetric 

particles. Although they possess very similar physical properties such as size, zeta potential, and 

dielectric constant, silica particles form two-dimensional close-packed hexagonal crystals in 

deionized water under an AC electric field that is applied perpendicularly to the conducting 

substrate, while polystyrene spheres repel each other. To solve this discrepancy, we incorporated 

both the low-frequency dielectric dispersion (LFDD) model and Stern-layer conduction in the 

theoretical model of EHD flow around a dielectric spherical particle. The LFDD model allows us 

to correctly capture the dynamic polarization of particles at low frequencies, a critical component 

to quantitatively predict both the direction and magnitude of EHD flow. We systematically 

examined the impacts of frequency, zeta potential, Stern-layer conductance, salt concentration, and 

particle diameter on the EHD flow. We found that particles with high zeta potential, small 

diameter, or immersed in low salt centration solution tend to have extensile EHD flow surrounding 

them because they enhance the surface conductivity in the double layer and make the particles 

effectively more conductive than the medium. On the experimental side, by using nano-tracers, we 

revealed that the opposite EHD flow directions underlie different assembly behavior of polystyrene 

and silica particles. We demonstrated that the EHD flow around silica particles is contractile while 

it is extensile around polystyrene particles. We further measured the Stern-layer conductivity of 

polystyrene spheres experimentally and used it in the theoretical model to calculate the EHD flow 
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surrounding them, which matched well with experiments in terms of flow direction and magnitude. 

Therefore, the incorporation of LFDD model and Stern-layer conductance resolve the puzzle that 

EHD flow surrounding a particle with moderate zeta potentials can be extensile. Our calculation on 

spherical particles, when applying it to a scaling law, can also successfully predict the propulsion 

direction and speed of asymmetric dimers. The enhanced understanding of EHD flow around 

individual spheres markedly facilitates the studies of collective behaviors of non-spherical particles 

under electric fields, as we will show in Chapters 3 and 4. 

2.2 Introduction 

 Directed motion of microscopic objects is fundamental to both understand the locomotion 

of living organisms and fabricate synthetic micro-robots1,2. Among various actuating techniques, 

the electric field shows distinguished versatility and scalability in regulating both individual and 

collective behaviors of micromotors. Under an AC electric field that is applied perpendicularly 

across two electrodes, either contractile or extensile flow can be induced around the particles. Such 

an electrohydrodynamic flow, acting with other field-induced particle interactions such as the 

dipolar interaction, can lead to a rich variety of structures such as face-centered cubic crystals, 

hexagonal arrays3,4, non-close packed lattices, and colloidal oligomers5. In addition, we have 

recently found that particles with asymmetry in geometry, surface charge, or chemical 

compositions can all propel along the substrate which is perpendicular to the applied field 

direction6 due to unbalanced electrohydrodynamic (EHD) flow surrounding the particles. When 

particles are assembled into chiral clusters, they can also spin in either clockwise or counter-

clockwise directions depending on their handedness7. 

 The key to understand the motion of individual colloids and assembly between multiple 

particles is to understand the EHD flow surrounding an isolated spherical particle near the 

electrode. Back to 1984, Richetti et al.8 reported that two-dimensional hexagonal arrays of 2 µm 
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polyvinyl toluene particles were formed under an AC electric field of a kilohertz range, which was 

unexpected since the particles should experience strong dipolar repulsion from each other. 

Similarly, Trau et al. found that micro- and nano-sized polystyrene particles suspension with 

unspecified salt concentration between two ITO plates exhibited long range attraction and 

aggregated into layers of ordered structures under a uniform AC electric field4. They suggested that 

the ionic current flowing through the solution may result in this electrohydrodynamic (EHD) flow. 

Yeh et al. imaged the flow field around individual particles and proposed that this flow was 

induced by distortions of electric field owing to inhomogeneities of ions in the double layer near 

the electrode3. Ristenpart et al.9 first developed a scaling law to explain the origin of this EHD 

flow, i.e., the flow stems from the local distortion of the applied electrical field by the particle, 

which acts on the charge polarization layer near the electrode. The direction of the flow is dictated 

by the sign of the polarizability of the particle. They later solved a simplified version of the 

standard electrokinetic model with decoupled equations for electric potential and fluid flow10. The 

quantitative solutions obtained compared favorably with experiments performed on a 50 μm 

spherical particle10, where the EHD flow is contractile and directed toward the particle. Since the 

tangential electric field that drives the electroosmotic flow of induced charges near electrode arises 

from the dipole moment of the particle, being able to correctly calculate the induced dipole is 

crucial. In Ristenpart’s work, the polarization coefficient of a sphere, K, is related to the ratio of the 

particle surface conductivity and medium complex conductivity. This calculation, however, only 

captures the so-called Maxwell-Wagner-O’Konski (MWO) dielectric dispersion11,12, which is 

originated from the mismatch of dielectric and conductive properties between the particle and 

solvent. The characteristic time for MWO is  

     ( ) ( )δ p 0 m 0 p m2 / 2      = + +     (2.1)  
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where m  ( p ) and m  ( p ) are the conductivity and dielectric constant of the medium (particle), 

respectively. 0  is the vacuum permittivity. It is noted that the particle conductivity p  entails 

contributions from the bulk materials p
b  (negligible for dielectric material) and the associatied 

double layer, i.e., the surface conductivity, p
s .  

The MWO dispersion only captures particle polarization at relatively high frequencies, 

since δ ~ 100 kHz. Most experiments on EHD flow, however, were performed in the low-

frequency regime typically ranging from 100 Hz to 10 kHz, under which a spherical particle is 

polarized primarily due to the so-called low-frequency dielectric dispersion (LFDD), whose 

characteristic time scale is 2
α ~ /a D  (~1 kHz for 1 μm sphere). When 2/f D a , both counter- 

and co-ions in the diffusive layer have sufficient time to travel to and from the poles of a particle 

respectively, leading to a macroscopic polarization of the double layer. This process also induces 

an ion concentration difference outside the double layer between two poles. At equilibrium, the 

electro-migration flux of ions within the double layer is counter-balanced by the diffusion flux 

from the surrounding bulk solution, which reduces the magnitude of polarization coefficient of a 

particle. Therefore, to correctly capture the dynamic response of ions in the double layer and the 

polarization coefficient of a particle, we will need to incorporate the LFDD model in the EHD flow 

calculation.  

 One of the key conclusions from Ristenpart et al.9,10 is that the direction of EHD flow is 

determined by the sign of the real part of particle polarization coefficient K. When Re(K) >0, the 

flow is extensile. However, the imaginary part of the polarization coefficient, which characterizes 

the phase lag between charge relaxation and the imposed field, is also important for evaluating the 

EHD flow around particles13. Theoretically, the particle zeta potential needs to be unrealistically 
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high (e.g., ~150 mV) for yielding an extensile EHD flow around it. But experimentally, the EHD 

flow can be extensile for particles with moderate zeta potentials (~40-100 mV). To reconcile the 

discrepancy between theory and experiments, we propose to incorporate the Stern-layer 

conductance, in addition to the LFDD model, into the current EHD model developed by Ristenpart 

et al10. The particle surface conductivity, p
s , can be expressed the sum of two parts, 

,s d

p  and 

,s i

p . 
,s d

p  is the surface conductivity of mobile counter- and co-ions within the diffusive layer, 

while 
,s i

p  is the surface conductivity of mobile counter-ions within the Stern layer, i.e., the inner 

part of the double layer. Therefore, it is often called the Stern-layer conductivity. Although charges 

in Stern layer are conventionally perceived immobile, recent experiments and theories14-16  have 

suggested that 
,s i

p  can be a significant part of the total surface conductivity: although the mobility 

of counter-ions in the Stern layer might be smaller than those in the diffusive layer, the ion 

concertation can be much higher. As we will show later, the inclusion of Stern-layer conductance 

in the EHD model can resolve the puzzle that EHD flow can be extensile for particles with 

moderate zeta potentials.    

With the incorporation of both LFDD and Stern-layer conductance, we have systematically 

investigated the impacts of frequency, zeta potential, Stern-layer conductivity, salt concentration, 

and particle size on the EHD flow around a charged dielectric sphere. We have also performed 

complementary experiments to measure the Stern-layer conductivity of polystyrene particles and 

track the EHD flow around polystyrene and silica particles by using nano-tracers. Our combined 

theoretical and experimental studies revealed the impacts of low-frequency polarization and Stern-

layer conductivity on both direction and magnitude of the EHD flow, which can quantitively 

describe experimentally observed different assembly behaviors of both dielectric spheres and 
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dimers. The deepened understanding of EHD flow surrounding an isotropic particle facilitates the 

investigation of the far-from-equilibrium behaviors of both individual and an ensemble of 

anisotropic particles, as we will show in Chapters 3 and 4. 

 

Figure 2.1  (a) Schematic showing the response of a charged dielectric sphere near an electrode 
under the AC electric field (only half period is shown). (b) The bispherical coordinate system used 
in theoretical modeling.  

2.3 Problem statement 

A diluted colloidal suspension is sandwiched between two parallel electrodes across which 

an AC electric field is perpendicularly applied. The separation between two electrodes, 2H, is much 

larger than the radius of the dielectric particle a. As shown in Figure 2.1, we consider a single 

sphere that is located near the bottom electrode. The applied field induces mobile ions (i.e., the 

induced charges) accumulating within a diffusive layer near the electrode. The same field also 

polarizes the particle as well as the associated (equilibrium) double layer around it because it is 

charged. The induced particle dipole generates a local electric field, whose tangential component 

acts on the induced charges near the electrode, and therefore induces solvent flow. This flow was 

first observed by Richetti et al. 8 and has been referred as the electrohydrodynamic (EHD) flow in 

the literature9,17-20. 
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 In general, we consider the EHD flow of a micron-sized particle at low frequency regime 

(i.e., f < 10 kHz) in an aqueous solution, based on which it is often safe to assume that the Debye 

length 1 −  is much smaller than the particle radius, i.e., 1a . In addition, both Peclet number 

( Pe /au D= , ~ 10-3) and Reynolds number ( Re /ua = , ~10-6) are much less than one. The 

Gauss’s and Navier-Stokes equations governing the bulk (outside of the Debye layer of both 

particle and electrode) fluid can then be simplified and decoupled  

2 0 =          (2.2) 

0 =u                (2.3)  

20 P= − + u                                           (2.4)  

where 
i t

e
 −

, P , and u  denote the electric potential, pressure, and fluid velocity, respectively. 

= 2 f  is the angular frequency of the applied field.    

The boundary conditions for solving the electric potential   are:  

(1) On the electrode, the normal component of the electric field is assumed to be undisturbed by the 

presence of particle and equal to that calculated as if there is no particle 

          z = 0,            0 1 i tD
E i e

H




 − = − − 
 

n                             (2.5) 

where n  is the normal unit vector for the electrode, 0 / 2E H=   is the apparent field strength, 

and i t
e

 −  is the applied electric potential across two electrodes. 

(2) Near the dielectric particle surface, a current balance applied to a slab-shaped control volume 

leads to  

     
2
s   = − n      (2.6) 
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where 
2
s s s  =    is the surface Laplacian 21.  is related to the polarization coefficient K of 

the particle through the following relationship  

1 2

2 2

K

K
 +
=

−
      (2.7) 

In the literature10,   is defined as the ratio of diffusive-layer surface (complex) conductivity 
,s d

p
  

to the complex conductivity of the medium. For z-valent symmetrical electrolyte, it is 

,

0( i )

s d

p

m m
a




   
=

−
      (2.8) 

,

exp 1 (1 3 )
22

exp 1 (1 3 )
2

s

p

B
m

p

d

B

p

zeD
m

D D k T

zeD
m

D D k T






 

+
+

+ −

+
−

+ −

   
− − +   +    

 
   + + − +   +   

=



          (2.9) 

where  

0

2

B2 T

3
m k

ze
m

D

 





 =  
       (2.10) 

z is valence of ion, e is charge of an electron, μ is the solvent viscosity, D+ (D-) is diffusion 

coefficient of cation (anion), and kBT is thermal energy, respectively. m  is the real conductivity of 

the medium, which is the sum of conductivity of both cations and ions  

 
2 2

0 ( )
B

m m m

z e n
D D

k T
   +− −+ + = +=                 (2.11) 

where 0n  is the number concentration of the cation or anion. As we have explained in Chapter 1, 

Eqs. (2.8-2.11) only capture the particle polarization due to the MWO dispersion whose 

characteristic frequency is much larger than that of most relevant EHD experiments. Consequently, 
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it will yield incorrect particle dipoles (i.e., K) both qualitatively and quantitatively especially when 

the particle zeta potential p is high.     

Here, we instead calculate K based on LFDD theory of Dukhin and Shilov22,23, and then use 

Eq. (2.7) to obtain the parameter  . This method makes   no longer the ratio between particle 

surface conductivity and medium complex conductivity, but ensures that the resultant particle 

dipole and far-field electric potential to be accurately captured. We note that this method is still an 

approximation. A more rigorous treatment should involve solving the additional Nernst-Planck 

equation for the concentration of ions. The equations are, however, much more complicated and it 

is unclear whether one can solve the coupled ion-concentration and electric-potential equations 

analytically. In this work, we adopt the analytical expression15 for the polarization coefficient K 

that can describe both low-frequency dielectric dispersion and high-frequency MWO dispersion, 

which is valid for 1a   

 

( )
( )( )

( )
( )( )

2 2 2

3 / 2 1

2 12 / 2 1

3 1 1 2 /

8 1 1 2 /

p mp m

p m p m

c c

Du
K

iDu

Du z i S

t Du Du t i S i





 

  
   


 

−−
= −

+ ++ +

−  +
−

+ + + +

    (2.12) 

where the Dukhin’s number, Du, is defined as the ratio of particle surface conductivity 
s

p
  and the 

scaled medium conductivity ma   

, ,s s i s d

p p p

m m

Du
a a

  
 

+
= =        (2.13) 

Du can be larger than one because of much higher counter-ion concentration in the double layer 

than in the bulk, especially when the particle zeta potential p  is high.  

Other parameters in Eq. (2.12) are  
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    ( )
D D

z D D

− +

− +

−
 =

+
          (2.14) 

( )1c

c

t Du
S

Du t

+
=

+
        (2.15) 

c
c

D
t

D D
+ −=
+

         (2.16) 

where Dc is diffusivity of the counter-ions. Once K is calculated based on surface conductivity of 

both diffusing layer and Stern layer, zeta potential, Debye length, and particle diameter24,25, we can 

obtain λ  via Eq. 2.7, which will be used in Eq. 2.6.  

(3) Far away from the particle or the electrode, the potential corresponds to that of the applied  

    z → ,  0E z = − ,                             (2.17) 

With the above boundary conditions, we can solve Equation. 2.2 in the bispherical 

coordinate (Figure 2.1b) and the solution is 

1/2

0

(1 2 )

1 1
1 1

       +sin (cosh cos ) cosh[( )] cosh[( ) ] (cos )
2 2s n n n

n

i H H i H
z

i H i H

A n B n P

 
 

     


=

−
= +

− −
 − + + + 
 


  (2.18) 

where nP  is Legendre polynomials. The coefficient nA  and nB  are calculated by numerically 

solving a series of truncated lengthy linear equations10. 

Once the electric potential   is obtained, we can further solve the flow field surrounding 

the particle. The associated boundary conditions for Equations (2.3) and (2.4) are  

(1) Electro-osmotic slip on the electrode right outside of the diffusive layer,  

                                         0 =u n   

           ( )0 



 =  − u t t                 (2.19) 
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where n and t are the normal and tangential unit vectors of the electrode, and μ is the medium 

viscosity.   

(2) No slip on the particle surface, 

                   0=u                                    (2.20) 

(3) Far away from the particle or the electrode,  

        0=u   and 0P =       (2.21) 

We can express the stream function Ψ as 

3/2 1 1

1

( ) ( )
( )  

2 1
n n

n

n

P cos P cos
cosh cos W

n

  


− − +

=

−  = −  + 
    (2.22)   

where 
1 3 1 3

[( ) ] [( ) ] [( ) ] [( ) ]
2 2 2 2n n n n n

W a cosh n c cosh n b sinh n d sinh n   = − + + + + − + + + . Again, the 

coefficients an, bn, cn, dn can be obtained numerically by applying the orthogonality. 

2.4 Calculation results and discussion 

With the problem and methods described above, the impact of dipole, frequency, zeta 

potential, Stern-layer conductivity, salt concentration and particle size is discussed. 

2.4.1 Dipole of a spherical particle  

 The dipole moment of a sphere generates a tangential electric field that acts on the induced 

charges in the diffusive layer near an electrode and induces the electroosmotic flow. Therefore, 

being able to accurately calculate the dipole of a particle is essential to understand the direction and 

magnitude of the resultant EHD flow. A comparison of the real and imaginary parts of the 

polarization coefficients K based on LFDD (Eq. 12) and MWO (Eq. 8) models is shown in Figure 

2.2. Both models predict very similar results in Re(K) when the particle zeta potential p  is 

relatively low. However, as p  increases, the difference becomes more significant, especially in 
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the frequency regime less than ~ 104 Hz, where the LFDD model shows that Re(K) is negative for a 

particle with zeta potential of -75 mV, while a positive Re(K) is predicted based on the MWO 

model. More importantly, the LFDD and MWO models always predict opposite signs on the 

imaginary part of polarization coefficient Im(K) at the low frequency regime (Figure 2.2b). 

Specifically, the LFDD model reveals that Im(K) at low frequency is negative, which indicates the 

induced dipole of the particle lags behind the applied external field. This is consistent with full 

numerical calculation of the dipole of a dielectric spherical particle based on the standard 

electrokinetic model26. Clearly, the LFDD correctly captures the dominant mechanism responsible 

for the dielectric dispersion at low frequencies while MWO does not. The polarization coefficient 

of a particle is also strongly correlated with the applied field frequency. In the frequency regime of 

interest (102-104 Hz), the polarization coefficient can change both sign and magnitude, reflecting 

both LFDD and MWO dielectric dispersion mechanisms. Therefore, the incorporation of LFDD 

ensures quantitative accuracy to calculate the dipole moment of a particle. 

 

Figure 2.2  Comparison of the (a) real and (b) imaginary parts of polarization coefficient of a 
polystyrene sphere (with radius a = 1 μm) in 10-5 M KCl solution based on LFDD (black) and 
MWO (red) models. Solid line: -20 mV; dash line: -50 mV; short dash line: -75 mV. The Stern-

layer conductivity 
,s i

p  is assumed to be zero.   
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2.4.2 The impact of frequency 

 EHD flow is essentially the electroosmotic flow of the induced charges q near the electrode 

due to a local tangential electric field Et, i.e.,  tU qE , where the angle bracket represents the 

time average over one period of field oscillation. Both q and Et depend on the applied field 

frequency. Figure 2.3a shows the cross-sectional view of the contour plot of the axisymmetric EHD 

flow surrounding a 2 μm polystyrene sphere in 0.01 mM KCl solution. As indicated by the arrows, 

it is clockwise and contractile, i.e., being directed toward the particle. The radial fluid velocity at 

the plane of z/a = 1.3 is evaluated and plotted in Figure 2.3c.  The secondary minimum is chosen as 

the representative EHD flow velocity and its dependence on frequency is shown in Figure 2.3d. 

The velocity decreases with increasing frequency, vanishing at ~ 5 kHz. This can be understood by 

 

Figure 2.3 (a) The cross-sectional view of the contour plot of the flow field around a (half) PS 
sphere at f = 1000 Hz. (b) The top view of the counter plot of the flow field at z/a = 1.3. The arrows 
show that the flow is clockwise and contractile. (c) Radial velocity of the EHD flow evaluated at 
the plane of z/a = 1.3. (d) The frequency dependence of the EHD velocity. The secondary 
minimum in the radial velocity at the plane of z/a = 1.3 is chosen as the representative EHD 
velocity and plotted as the y-axis. The calculation is based on a 2 μm PS sphere (a = 1 μm) in 0.01 

mM KCl solution, p = -60 mV and 
, 0s i

p
 =  nS, E0 = 260 Vpp/mm. 
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considering the time scale governing the electrode charging 27 0 /H D =  (~600 Hz for 1 μm 

particle). When frequency / 2f  =  is higher than 1
0
− , charges do not have enough time to move 

across the bulk of the cell to fully charge the electrode, so that fewer mobile ions are induced near 

the electrode and weakens the EHD flow. In addition, the phase lag of electrode charging behind 

the applied field becomes increasingly significant when frequency increases. Therefore, the amount 

of induced charges on a time-average decreases and the majority of those charges are out of phase. 

As a result, the EHD flow decreases with frequency. Another important time scale associated with 

the LFDD is, 
2 /a D = 28 (~2,000 Hz for 1 μm sphere). Since the length scale of the ion diffusion 

is ~a, only concentration polarization of ions around the particle will be affected. Likewise, when 

the applied field frequency is larger than 
1


−

, the migration of ions around the particle cannot keep 

up with the field oscillation. Consequently, the localized tangential electric field Et also becomes 

weaker. This phase lag phenomenon can also been identified by Shilov’s model in Figure 2.2b, in 

which the imaginary part of polarization coefficient peaks around 10 kHz and gets smaller when 

the frequency is larger than 10 kHz. These two charge relaxation processes explain that the EHD 

velocity is negatively correlated with the frequency and it approaches to zero at ~ 10 kHz. 

Expressions for q and Et based on the scaling law can be expressed as follows  
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2.4.3 The impact of zeta potential 

 Zeta potential p   is commonly used to characterize the surface charges of colloidal 

particles. As shown in Figure 2.4d, with low zeta potentials, the EHD flow is contractile, i.e., it is 

directed toward the particle. If a dielectric particle is neutral ( p  =0) and its dielectric constant is 

smaller than that of the medium, apparently, its dipole moment is opposite to the applied field 

direction, i.e., the particle has a large but negative polarizability (~-1/2). When the magnitude of 

particle zeta potential increases, the amount of polarized ions around of the particle essentially  

 

Figure 2.4 (a) The cross-sectional view of the contour plot of the extensile flow field around a 
(half) PS sphere at f = 1000 Hz. (b) The top view of the counter plot of the flow field at z/a = 1.3. 
The arrows show that the flow is clockwise and contractile. (c) Radial velocity of the EHD flow 
evaluated at the plane of z/a = 1.3. (d) The zeta potential dependence of the EHD velocity. The 
secondary minimum in the radial velocity at the plane of z/a = 1.3 is chosen as the representative 
EHD velocity and plotted as the y-axis. The calculation is based on a 2 μm PS sphere (a = 1 μm) in 

0.01 mM KCl solution, p = -150 mV and 
, 0s i

p
 =  nS, E0 = 260 Vpp/mm. 
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increases. Therefore, the surface conductivity of the particle 
s

p  increases and makes the particle’s 

dipole less negative, but the magnitude of the dipole becomes smaller. The magnitude of EHD flow 

also becomes smaller because the electric field generated by the polarized particle becomes 

weaker. When the zeta potential further increases (e.g., p  >130 mV in Figure 2.4a-c), the 

particle is effectively more polarizable than the medium due to the contribution of mobile ions in 

the diffusive layer. As a result, the EHD flow becomes positive and extensile, which means that it 

is directed away from the particle. We note that this trend is qualitatively consistent with 

experiments performed by Wohel et al. 29, where they observed that particles suspended in basic 

solution (pH=11) possess high zeta potential (>110 mV) and the EHD flow is extensile. On the 

other hand, it is rare to obtain such a high zeta potential in pH-neutral solution. For example, we 

observed that polystyrene particles in DI water did not form a close-packed crystal and they were 

separated from each other. Our complementary experiments (discussed later) further showed that 

this phenomenon is due to extensile EHD flow around the particles. However, the zeta potentials of 

these particles are moderate: ~-40 mV. Based on the theory, the EHD flow should be contractile. 

To reconcile this discrepancy between theory and experiments, we will study the impact of Stern-

layer conductivity in the next section.    

2.4.4 The impact of Stern-layer conductivity  

 The afore-mentioned discrepancy between theory and experimental observation can be 

harmonized by the inclusion of Stern-layer conductance of particles. In principle, the mobile 

charges associated with a colloidal particle consist counter-ions and co-ions in the diffusive layer 

(which typically determine the zeta potential) and charges behind the shear plane, i.e., within the 

Stern layer. In electrokinetics, surface conductivity is used to account for high conductance owing 

to the excess surface charges around the particle. Although the diffusive layer conductance attracts 
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far more attention than the Stern-layer conductance30, experiments and theories have suggested that 

in certain cases, the Stern-layer conductivity can exceed the diffusive layer conductivity. Figure 2.5 

shows the influence of zeta potential on the EHD flow by incorporating the Stern-layer 

conductivity 
,s i

p  in the calculation. Clearly, the presence of Stern-layer conductance shifts zeta-

potential dependence curve up, and pushes the critical zeta potential (where the EHD flow changes 

from contractile to extensile) toward a smaller value. Inside the diffusive layer, a particle with a 

higher zeta potential attracts more counter-ions, leading to a stronger surface conductivity. Such a 

high surface conductivity also makes the particle polarizability more positive. Simple calculation 

from Eq. (2.9) shows that the surface conductivity of the diffusive layer (
,s d

p
 ) is 1-100 pS. The 

addition of Stern-layer surface conductivity 
,s i

p
  further increases the particle polarizability. 

Indeed, it has been reported in the range of 0.1-10 nS31,32, depending on the particle properties and 

methods used. So the Stern-layer conductivity 
,s i

p
  can be one order of magnitude larger than the 

diffusive layer conductivity 
,s d

p
 . Just as the calculation shown in Figure 2.5, by tailoring the 

surface charges experimentally33, the direction and magnitude of EHD flow can be changed. 

2.4.5 The impact of salt concentration 

 Figure 2.6 shows the impact of salt concentration on EHD flow. Like many other 

electrokinetic phenomena34, the salt concentration plays an influential role. Higher salt 

concentration increases the medium conductivity m . Consequently, the Dukhin’s number 

decreases, which changes the particle’s polarizability and the tangential electric field Et. On the 

other hand, the EHD flow arises from the electroosmotic motion of charges accumulated near the 

electrode, whose amount increases in higher salt concentration, as indicated by the inset of Figure 

2.6. When salt concentration increases, more ions are accumulated to the electrode due to the 
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Figure 2.5 The influence of zeta potential on a 2 μm polystyrene particle in 0.01 mM KCl solution 

by incorporating the Stern-layer conductivity at  f  = 1000 Hz and E0 = 260 Vpp/mm.Black: ,s i

p  

= 0 nS; Red: ,s i

p = 0.1 nS; Blue: ,s i

p = 0.2 nS; Green:  ,s i

p = 0.4 nS. E0 = 260 Vpp/mm. 

 

Figure 2.6 The effect of salt concentration on EHD flow surrounding a 2 μm polystyrene sphere. f 

=1000 Hz, ,s i

p = 0 nS, p =  -60 mV, E0 = 260 Vpp/mm. The inset shows the charge density within 

the diffusive layer as a function of salt concentration.  

 

charging effect of the AC electric field. Imagine particles suspended in nonpolar solvent such as 

dimethyl sulfoxide (DMSO), the EHD flow is much smaller than in pure water. And this is 
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confirmed by experiments – the propulsion speed of an asymmetric dimer in DMSO is one order of 

magnitude smaller than in water35. However, when salt concentration is high, e.g., 1 mM, the 

calculation overpredicts the EHD velocity because of lower effective field strength due to 

screening by charge 

2.4.6 The impact of particle size 

Figure 2.7 The size dependence of EHD flow around a polystyrene sphere in 0.01 mM KCl 

solution.at f = 1000 Hz, p =-70 mV, and 
,s i

p = 0.4 nS, E0 = 260 Vpp/mm 

As the particle size increases with a constant zeta potential, the EHD flow, can change from 

extensile to contractile and its magnitude becomes larger, as shown in Figure 2.7. This can be 

understood in the following way. With the same zeta potential, particles of different sizes have the 

same surface conductivity 
s

p . Therefore, the smaller the particle is, the larger its Dukhin’s number 

Du is and the stronger the concentration polarization effect will be. Therefore, for small particles 

(e.g., a < 1.5 μm), the real part of its polarization coefficient ( )Re K  can be positive. The resulting 

polarization field Et pushes the induced charges near the electrode away from the particle and 

generates an extensile EHD flow (Figure 2.7). As particle size increases, Du will be smaller, the 
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impact of surface conductivity becomes weaker which makes the particle effectively less 

conducting than the medium. Therefore, the real part of the polarization coefficient becomes 

negative and the EHD flow turns into contractile. Its magnitude, however, increases as the effective 

particle conductivity decreases which yields a larger localized electric field Et. So the EHD flow 

velocity increases. 

2.5 Experimental results 

2.5.1 Methods 

Electric field experiments were conducted with two types of electrode arrangement: the 

parallel and the quadrupolar coplanar setups. The parallel-electrode setup consisted of a chamber 

formed between two ITO glass slides (Diamond Coating, West Midlands, UK), separated by a pair 

of 50 µm thick plastic spacers. To prevent irreversible adhesion of the particles on the substrate, the 

ITO glasses were coated with a thin film (~13 nm) of silicon dioxide. They were then thoroughly 

cleaned by sequential rinse of acetone, isopropyl alcohol, and deionized (DI) water before being 

treated under oxygen plasma for two minutes. Next, the ITO glass slides were immersed in a mixture 

of 0.5 M sodium chloride and 5 mg/mL poly(sodium 4-styrenesulfonate) solution for 10 min under 

sonication. All slides were thoroughly rinsed with DI water before use. 2 μm polystyrene spheres (

p = -43.8 ± 3.8 mV, Life Technology) and 2 μm silica spheres ( p = -41.5 ± 3.1 mV) from Bangs 

Laboratories were cleaned with DI water four times before use. A total of 3-10 μL particle suspension 

was pipetted on the bottom substrate.  

To obtain the Stern-layer conductivity of polystyrene particles, we measured their 

electrophoretic mobility and cross-over frequency. To obtain the cross-over frequency, a total of 3-

10 μL was added to the center of a quadrupolar electrodes36, and a glass slide was covered on top of 

the suspension to eliminate solvent evaporation. The four signals of AC electric fields were applied 
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to the quadrupolar electrodes with a 180º phase difference between neighboring electrodes. The 

cross-over frequency was obtained when the particles switched dielectrophoresis behaviors, when 

the filed frequency sweeped from low to high, from positive dielectrophoresis (particles aggregated 

in the center of the quadrupolar electrode) to negative dielectrophoresis (aggreged at the edge). The 

electrophoretic mobility of particles was measured by using a commercial zeta potential analyzer 

(90Plus PLAS Brookhaven) with a dilute particle suspension. 

 To observe the particle assembly, an AC electric field was applied across the two electrodes 

by using a function generator (RIGOL DS1054Z) and a voltage amplifier (TREK 2100HF). All 

experiments were performed on an inverted microscope (Olympus IX71) equipped with a color 

camera (QImaging Retiga-2000R) and a high-speed black/white camera (Silicon Video 642). 

 

Figure 2.8 Microscopic images showing the different response of (a) PS and (b) silicamicrospheres 
under AC electric fields (100 Vpp/mm and 800 Hz). Scale bar: 10 μm. The size and zeta potential of 
both types of spheres are similar.  

In the particle-tracking experiments, we quantified the displacement of nano-sized tracer 

particles against time around immobilized colloids on the substrate. Briefly, one μL diluted particle 

suspension was first smeared evenly on an ITO substrate. After the droplet was dried by natural 

evaporation, the particles stuck onto the ITO substrate due to van der Waals attraction. 10 μL 
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fluorescent polystyrene nanosphere suspension (500 nm-in-diameter, ∼0.067 wt/vol%, Life 

Technology) was then added onto the substrate as nano-tracers. Videos were captured at 25 frames 

per second (fps) and they were analyzed in ImageJ by tracking the coordinates of individual tracers. 

 

Figure 2.9 EHD flow tracking by nano-tracers surrounding PS and silica spheres under a 
perpendicularly applied AC electric field at 200 Vpp/mm and 800 Hz. (a) A snapshot of tracer 
particles surrounding PS (top left one) and silica (bottom right two) spheres. (b) Representative 
trajectories of tracer particles. (c) The displacement of trace particles ejected away from a PS 
sphere on the substrate. (d) The displacement of trace particles moving toward a silica sphere on 
the substrate. The time, 

0t , is defined as the time when tracers disappeared from the edge of the 

sphere, i.e., r/a = 1, where a is the particle radius. The solid line is theoretical fitting with 𝑟/𝑎 ∝𝐶𝑡−0.2. The error bars represent one standard deviation 

2.5.2 Assembly of polystyrene and silica spheres and the associated EHD flow 

Among a few puzzles of EHD flow surrounding colloidal particles under electric fields, the 

different response of polystyrene (PS) and silica microspheres is an intriguing one37. In DI water, 



 

64 
 

when 2 μm PS and 2 μm silica spheres with similar zeta potentials ( p = -43.8 ± 3.8 mV for PS and 

p = -41.5 ± 3.1 mV for silica) were subjected to a perpendicularly applied AC electric field, PS 

spheres were separated from each other (Figure 2.8a). At high particle concentrations, they 

assembled into non-close-packed crystals38. Under the same field condition, silica spheres, however, 

formed into close-packed hexagonal crystals (Figure 2.8b). Indeed, the field-induced layering of 

silica spheres has been reported in the early investigation of the EHD flow4,39. The different behaviors 

of PS and silica spheres under the same field condition is somehow unexpected, considering the fact 

that the difference in dielectric constants between polystyrene and silica is very  

small (1/40 and 1/20 of water). We posit that this difference in assembly behavior is because the 

EHD flow around PS spheres is extensile while it is contractile surrounding silica spheres. As a 

result, silica particles aggregate due to hydrodynamic attraction, while PS spheres are separated from 

each other due to hydrodynamic repulsion.    

To test our hypothesis, we purposely immobilized the PS and silica spheres on the conducting 

substrate and then added nano-tracers to track the potential flow under electric fields. As shown in 

Figure 2.9a and 2.9b, the tracer particles are ejected away from the PS spheres when they are adjacent 

to the substrate while tracers move towards the silica spheres. This provides direct evidence that an 

extensile flow is engendered surrounding a PS sphere and a contractile flow is generated around the 

silica sphere.  

We can further quantify the magnitude of flow by tracking the position of each tracers as a 

function of time. As shown in Figure 2.9c-d, we plot the displacement of individual tracers from the 

center of the PS and SiO2 lobes against time, where t0 is set as the moment when tracers reach the 

edge of the particle, i.e., r = d/2, and disappear in the field of view. The experimental data can be 

fitted with the scaling law40 for the EHD flow velocity  
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where d  is the lobe diameter, and r  is the lateral distance from the lobe center to the point where 

the EHD flow is evaluated. It can be seen that when 𝑟/𝑑 ≫ 1, the velocity 4
U r

−  40,41. One can 

further integrate this velocity with respect to time and obtain the scaling between the radial position 

of a tracer particle convected by the flow and time: 𝑟/𝑑 ∝ 𝐶𝑡−0.2. We fit the experimental data with 

this scaling law. From the fitting, we are able to obtain the hydrodynamic velocity when it approaches 

the edge of PS and silica spheres, i.e., the slope of the curves at t0. They are 13.33 µm/s and 12.46 

µm/s, respectively. 

2.5.3 Stern-layer conductivity measurement and EHD flow calculation  

We have established clear evidence that polystyrene microspheres with moderate zeta 

potentials can generate extensile EHD flow. Theoretically, this is only possible when the particle 

surface conductivity is dominated by the Stern-layer conductivity. Therefore, we aim to measure the 

Stern-layer conductivity experimentally, incorporate it in the theoretical model, and compare the 

theory with experiments. There is, however, no direct way to measure the Stern-layer conductivity 

31,42,43. We used the following strategy44. We first measured the electrophoretic mobility of 

polystyrene particles,
el , by using a commercial zeta potential analyzer. We then measured the cross-

over frequency of polystyrene particles, fc, using a coplanar quadrupolar-electrode setup. The cross-

over frequency is the frequency at which particle’s polarizability changes from positive to negative, 

which can be experimentally identified by observing the aggregation of particles at the edge of the 

quadrupolar electrodes due to negative dielectrophoresis. Once the electrophoretic mobility and 

cross-over frequency were obtained, we plugged them in the following equations 44 to obtain both 

zeta potential p  and Stern-layer conductivity 
,s i

p .     
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We note that we did not find a cross-over frequency for silica microspheres as its dipole 

remains negative from 100 Hz to 1 MHz. This indicates that the Stern-layer conductivity of silica is 

negligibly small, which is consistent with our observation that the EHD flow surround it is always 

contractile. Based on our measurement and calculation, the Stern-layer conductivity and zeta 

potential of PS spheres are 0.59 nS and -72.3 mV, respectively. The particle zeta potential becomes 

larger when both Stern-layer and diffusive layer conductivities are included. This is because Stern-

layer conductance imposes a retardation effect on the mobility. Indeed, one can conclude that the 

second term in Equation 2.26 is always negative because the exponential term is larger than 2ln2. 

We plugged in the measured Stern-layer conductivity and zeta potential in the LFDD model, and 

calculated the EHD flow around a PS sphere and a silica sphere, respectively. The results are shown 

in Figure 2.10, with no fitting parameter involved. It can be seen that the streamlines around the PS 

sphere are counter-clockwise, indicating an extensile flow. Because of this, particles are repelled 
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Figure 2.10 EHD flow around a 2 μm PS sphere and a 2 μm silica sphere under a perpendicularly 
applied electric field at 10 Vpp and 800 Hz. The salt (KCl) concentration is 5 μM. (a) and (b): The 
streamlines cross the center of the polystyrene and silica spheres. (c) and (d): The radial EHD 
velocity on the r-ϕ plane across the center of polystyrene and silica spheres at the plane of z/a=1.3. 

from each other and forming non-close packed arrays. In contrast, silica spheres are attracted among 

each other due to the clockwise and contractile EHD flow. We also note that the calculated velocities, 

extensile or contractile, match the flow velocities tracked by nano-tracers in terms of order of 

magnitude. This is particularly encouraging as it has been known that predicting the correct 

magnitude of the electrohydrodynamic flow is notoriously difficult.  

2.5.4 The EHD propulsion of asymmetric dimers 

 We further utilize our theory to calculate the propulsion direction and speed of asymmetric 

dimers under low-frequency AC electric fields. In experiments, we have observed that asymmetric 

silica dimers propelled with the larger lobe leading while asymmetric PS dimers propel with the 
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small lobe facing forward. And a polystyrene-silica hybrid dimer moved with the silica lobe 

forward. To quantitively understand the experimentally measured dimer propulsion velocities, we 

consider a simplified model of dimer, i.e., sphere A and sphere B are connected by a rigid but thin 

rod (Figure 2.11). Applying the force balance yields an overall speed for a dimer,  
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Figure 2.11 (a) A dumbbell model illustrates that the propulsion of an asymmetric dimer arises 
from unbalanced EHD flow of 

AU  and 
BU . (b) A PS-SiO2 dimer is predicted to move towards the 

SiO2 end  

where UA and UB are the EHD velocities of isolated sphere A and B shown in Eq. (2.4), and aA and 

aB are the particle radii. As shown in Figure 2.12, our calculations fit the experimental results very 

well for dimers formed by 2 μm and 3 μm silica spheres, which propels with larger lobe facing 

forward. The 2-3 μm polystyrene dimers, however, propel with the smaller lobe forward, although 

both the dielectric constant and zeta potential are very similar to the silica dimers. We find that by 

incorporating the Stern-layer conductivity, e.g., 
,s i

p = 5 nS for the polystyrene sphere and 
,s i

p = 

0.05 nS in the calculation, we can predict that the polystyrene dimers propel with smaller lobe 

leading forward, as shown in Fig. 2.12b. Although the reason why the Stern-layer conductivities 

between silica and polystyrene particles are different is still unclear, our work clearly show that the 

Stern-layer conductivity, i.e., mobile ions behind the shear plane plays an important role in the 

electrokinetics of colloidal particles. 
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Figure 2.12 The calculated EHD velocities of the (a) 2-3µm silica dimer 
, 0.05 nSs i

p = ) and (b) 2-

3µm polystyrene dimer ( , 5 nSs i

p = ). 0.02 and 0.04 are used as fitting parameters for the scale of 

velocities. The squares are experimental results.  

2.6 Conclusions 

 We incorporate the low-frequency dielectric dispersion of colloidal particles and Stern-

layer conductance into the standard electrokinetic model to calculate the electrohydrodynamic flow 

around a dielectric spherical particle near an electrode. This allows us to (1) capture the response of 

diffusive layer around the particle and the induced dipoles at low frequencies and (2) resolve the 

puzzle that particles with moderate zeta potentials can generate extensile EHD flow. With the 

improved model, we further study the impacts of frequency, zeta potential, salt concentration, 

Stern-layer conductivity, and particle size on the EHD flow systematically. We show that both the 

direction and magnitude of EHD flow can be tuned by tailoring these parameters, while high zeta 

potential, low salt concentration, significant Stern-layer conductivity, and small particle size tend to 

generate extensile EHD flow because of they enhance the surface conductivity of the particle 

relative to the medium. Experimentally, by using nano-tracers, we demonstrate that the opposite 

EHD flow directions surrounding polystyrene and silica spheres underlie their different assembly 
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behaviors. We further obtain the Stern-layer conductivity of polystyrene spheres experimentally 

and use it to predict the direction and magnitude of its surrounding EHD flow, which well matched 

the experimental results. The enhanced understanding on EHD flow surrounding individual 

particles further allows us to explain the propulsion of asymmetric dimers and assembly of multiple 

dimers, as we will show in Chapters 3 and 4.   
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CHAPTER 3 

CHANGE THE COLLECTIVE BEHAVIORS OF COLLOIDAL MOTORS BY TUNING 

ELECTROHYDRODYNAMIC FLOW AT THE SUB-PARTICLE LEVEL 

Modified from a paper published in Langmuir1 

Xingfu Yang and Ning Wu2 

3.1 Abstract 

As demonstrated in biological systems, breaking the symmetry of surrounding 

hydrodynamic flow is the key to achieve autonomous locomotion of microscopic objects. In recent 

years, a variety of synthetic motors have been developed based on different propulsion 

mechanisms. Most work, however, focuses on the propulsion of individual motors. Here, we study 

the collective behaviors of colloidal dimers actuated by a perpendicularly applied AC electric field, 

which controls the electrohydrodynamic flow at sub-particle levels. Although these motors 

experience strong dipolar repulsion from each other and are highly active, surprisingly, they 

assemble into a family of planar clusters with handedness. We show that this type of unusual 

structure arises from the contractile hydrodynamic flow around small lobes but extensile flow 

around the large lobes. We further reveal that the collective behavior, assembled structure, and 

assembly dynamics of these motors all depend on the specific directions of electrohydrodynamic 

flow surrounding each lobe of the dimers. By fine-tuning the surface charge asymmetry on 

particles and salt concentration in solution, we demonstrate the ability to control their collective 

behaviors on demand. This novel type of active assembly via hydrodynamic interactions has the 

potential to grow monodisperse clusters in a self-limiting fashion. The underlying concept revealed 

in this work should also apply to other types of active and asymmetric colloids. 
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3.2 Introduction 

 Synthetic colloidal motors that exhibit active transport in a fluidic environment 

have elicited considerable interest in recent years. For example, Janus particles that have 

inhomogeneous coating on surfaces1-3 can asymmetrically catalyze chemical reactions, 

create a local concentration gradient,4 and induce autonomous movement.7-11 In addition, 

other propulsion mechanisms based on ultrasound,5,6 light,7-10 bubble recoil,11-16 

polymerization,17 and magnetic field 18-23 have also been demonstrated. Technologically, 

these artificial motors that can carry payloads and deliver cargoes will find potential 

applications in targeted drug delivery,24-26 cell manipulation,27 miniaturized surgeons,28 

and smart sensors.29 Scientifically, they are also excellent experimental systems for 

understanding questions related to non-equilibrium physics such as dynamic structure 

formation,30 fluctuating active hydrodynamics,31 and emergent collective behavior.32  

 In a recent study,33 we showed that various types of asymmetric dimers can propel 

in directions that are perpendicular to an applied AC field. For example, polystyrene 

dimers that have unequal diameters but similar zeta potentials on two lobes move toward 

its smaller lobe, while silica dimers with the same geometric asymmetry move toward its 

larger lobe. Polystyrene dimers with identical lobe sizes but different zeta potentials can 

also propel, with its lower zeta potential lobe moving forward. In control experiments, 

isolated symmetric dimers or spherical particles do not show any movement beyond 

Brownian motion under the same field conditions. These phenomena can be understood 

by the electrohydrodynamic (EHD) flow surrounding a dielectric particle near a 

conducting substrate.34-37 The vertically applied field induces mobile ions near the 

substrate. The same field also polarizes the particle, which generates a localized dipole 
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field. The tangential component of this local field drives the induced charges and carries 

solvent flow near the substrate. Although the flow surrounding a homogeneous sphere is 

symmetric, it becomes unbalanced once the particle symmetry is broken. Therefore, 

particles with asymmetric properties in geometry, composition, or surface charge can all 

exhibit lateral motion under a perpendicularly applied AC electric field.  

 One marked feature of this new type of EHD motors is that both the direction and 

strength of the EHD flow surrounding each lobe can be manipulated independently. As a 

result, the possible flow fields that one can generate surrounding these particles are 

diverse. They include not only those observed in "pushers" and "pullers",38 but a new 

pattern where flow on one side is contractile and on the other is extensile. As one would 

imagine, the combination of non-trivial flow patterns and particle asymmetry will have a 

profound impact on the hydrodynamic interactions between multiple particles, which is a 

topic that has not been focused on intensively for active motors.    

 In this work, we report the formation of planar chiral clusters assembled from 

active and asymmetric dimers under AC electric field. This unusual structure results from 

hydrodynamic interactions that are uniquely prescribed at the sub-particle level. By fine-

tuning the surface charge asymmetry on particles and salt concentration in solution, we 

further demonstrate the ability to manipulate the surrounding EHD flow patterns for 

individual particles. Consequently, their collective behaviors can be controlled. This 

novel type of active assembly has the potential to be self-regulating, which is crucial for 

making colloidal clusters with uniform sizes. The underlying concept can be extended to 

other types of active and asymmetric colloids. 



 

76 
 

3.3 Experimental  

Materials. Styrene, divinylbenzene (DVB), sodium 4-vinylbenzenesulfonate, 

polyvinylpyrrolidone (PVP, Mw ≈ 40 000), sodium dodecyl sulfate (SDS), 3-

aminopropyltriethoxysilane (APS), and trisodium citrate were purchased from Sigma-

Aldrich. 3-(trimethoxysily) propyl acrylate (TMSPA) was purchased from Tokyo 

Chemical Industry America. Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4·3H2O, 

99.9+%) was bought from Alfa Aesar. The thermal initiator V65 was bought from Wako 

Chemicals. All chemicals were used as received except that inhibitors in both styrene and 

DVB were removed by aluminum oxide before use. 

Figure 3.1 The cross-sectional view of our experimental setup.  

 
Synthesis of Asymmetric Dimers. We followed the synthetic route reported in our 

previous publications39 to make asymmetric dimers. Briefly, monodisperse polystyrene 

spheres (~1 m ) with sulfonate functional groups were synthesized via dispersion 

polymerization in a mixture of water and methanol at 70 ºC. An aqueous emulsion 

solution was prepared by homogenizing 4 mL (5 wt%) PVP, 0.5 mL (2 wt%) SDS, 0.05 

mL DVB, 0.05 mL TMSPA, and 1 mL styrene with 0.02 g V65. 1 mL (10 wt%) 

polystyrene spheres was then swollen by the micro-emulsion for 24 h before 
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polymerization in oil bath at 70 ºC overnight. The cross-linked polystyrene spheres (CPS) 

were cleaned four times by deionized (DI) water. 1 mL CPS was then swollen with 

micro-emulsion of 4 mL (5 wt%) PVP, 0.5 mL (2 wt%) SDS, and a variable amount of 

styrene for 12 h. A second lobe emerged during the swelling process and was solidified 

by polymerization in oil bath at 70 ºC overnight. Cleaning the suspension for four times 

yielded dimers of different aspect ratios or distribution of surface charges depending on 

the amount of styrene added in the micro-emulsion. To characterize the geometric 

anisotropy, the aspect ratio /s LR R = , i.e., the ratio between radii of the small and large 

lobes, is introduced. Overall, all dimers were negatively charged with typical zeta 

potential of ~-40-50 mV. 

Surface Modification of Dimers. To selectively modify the surface charge on one 

lobe of the dimers, silane coupling chemistry was adopted since the silane functional 

groups (from TMSPA) were primarily located on the crosslinked lobe (CPS) of the 

dimer. 2 mL dimer (1 wt%) solution was mixed with 10 µL APS, 1 mL 28% ammonia 

hydroxide, and 10 mL ethanol in a centrifugation tube, and reaction proceeded under 

swirling for 12 h. The particles were then thoroughly cleaned with ethanol using low-

speed centrifugation, and re-dispersed in DI water for electric-field assembly. The 

dramatic decrease of zeta potential of the modified dimers from -45 mV to -8 mV clearly 

indicated that the APS coating was successful. To further prove that the surface-charge 

modification is anisotropic, citrate-stabilized gold nanoparticles (based on the Turkvich 

method40) were also mixed with the APS-coated dimers.  

Directed Assembly under AC Electric Field. The experiment setup, as shown in 

Figure 3.1, consisted of a chamber formed between two ITO glass slides (Diamond 
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Coating, West Midlands, UK), separated by 50 or 100 µm thick plastic spacers. To 

prevent irreversible adhesion of dimers on the substrate, the cleaned ITO glasses were 

sputtered with a thin film (~13 nm) silicon dioxide. They were then thoroughly cleaned 

by sequential rinse of acetone, isopropyl alcohol, and DI water before being treated under 

oxygen plasma for two minutes. Next, the ITO glass slides were immersed in a mixture 

of 0.5 M sodium chloride and 5 mg/mL poly(sodium 4-styrenesulfonate) solution for 10 

min under sonication. Finally, they were thoroughly rinsed with DI water. A total of 10-

15 µL dimer suspension was pipetted in the chamber. An AC electric field was then 

applied across two ITO glasses by using a function generator (RIGOL DS1054Z). The 

assembly experiments were performed on an inverted microscope (Olympus IX71) 

equipped with both QImaging Retiga-2000R color camera and Silicon Video 642 high-

speed black/white camera. 

Tracing the Electrohydrodynamic Flow Surrounding Dimers. 1 µL diluted dimer 

suspension was first pipetted evenly on an ITO substrate. After the droplet was dried by 

natural evaporation, the asymmetric dimers stuck onto the ITO surface due to van der 

Waals attraction. 10 μL of ~0.067% (wt/vol) 500 nm fluorescent polystyrene spheres 

(Life Technology) was then added onto the substrate as tracers.  

Image Analysis. Monochrome videos of 30-60 frame per second was first 

converted into binary images with appropriate contrast. The coordinates of particles were 

then obtained using the centroid method. The (two-dimensional) mean squared 

displacement (MSD)  2
L   of each particle is plotted against corresponding time 

interval t . Since the characteristic time scale of particle rotational 
RT  is much larger 

than t , the MSD can be fitted in the following quadratic function2 
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2 2 2

e4DL u t t  =  +   (3.1) 

where u and 
eD  are the propulsion velocity and two-dimensional diffusion coefficient, 

respectively. This method is valid even if the particle propulsion is slow at high 

frequency. 

3.4 Results and discussion 

In this work, we primarily examine the collective behaviors of bulk-synthesized 

asymmetric polystyrene dimers under a perpendicularly applied AC electric field, based 

on the setup that is illustrated schematically in Figure 3.1. Among different batches of the 

particles that we have synthesized, we find four distinct types of collective behaviors that 

are summarized in Table 3.1. As shown in Figure 3.2a and SI Movie 3.1, the first type of 

dimers is “repulsive propellers”. They propel vigorously with the smaller lobes oriented 

forward. When two or more dimers encounter each other, they are simply diverted. As a 

result, the dimers never form any stable structure. As our previous work showed, the 

propulsion of individual dimers can be explained by the unbalanced electrohydrodynamic 

flow surrounding them due to the asymmetry in geometry,33 which can be characterized 

by the scanning electron microscopy (SEM) images shown in the insets of Figure 3.2. We 

note that there is also a possibility of uneven surface charge distribution between two 

lobes but it is challenging to measure directly. However, as we will show later, they can 

be inferred indirectly by tracing the electrohydrodynamic flow surrounding individual 

dimers. The second type of dimers show more interesting behavior in that they form 

three-dimensional (3D) chiral clusters. Therefore, we will call them “3D attractive 

propellers”. As can be seen in Figure 3.2b and SI Movie 3.2, a number of lying dimers 

assemble around a central standing one which is slightly lifted above the substrate. The 
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mechanism that drives the assembly has been revealed previously41 by us and can be 

attributed to the dipolar attraction between the central standing dimer and neighboring 

petals since they are located at different planes. Such attraction is strong enough to 

overcome the dipolar repulsion between petal dimers which are located on the substrate 

and favors a chiral arrangement between the petals.  

 

Figure 3.2 The collective behaviors of different types of dimers under similar field 
conditions (100 Vpp/mm and 1,000 Hz). (a) Type-I repulsive propellers (β = 0.80) propel 
but do not assemble. (b) Type-II 3D attractive propellers (β = 0.72) assemble into 3D 
chiral clusters. (c) Type-III 2D attractive propellers (β = 0.58) form planar chiral clusters. 
Scale bars: 5 µm. Insets in a-c are the SEM images of each type of dimers. Scale bars: 2 
µm. (d) Representative optical images of chiral clusters of different sizes.  

Table 3.1. A Summary of all types of dimers investigated.  
 

Dimer type Collective 

behavior 

EHD flow pattern 

Small lobe  Large lobe 

Leading lobe 

in propulsion 

I: repulsive 

propeller 

No assembly extensile        extensile small 

II: 3D attractive 

propeller 

3-D chiral cluster contractile      extensile small 

III: 2D attractive 

propeller 

planar chiral cluster contractile      extensile small 

IV: reverse 

propeller 

planar cluster contractile    contractile large 
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Figure 3.3 Snapshots showing the assembly dynamics of chiral clusters of a (a) doublet, 
(b) triplet, and (c) quadruplet. The straight arrows indicate the propulsion direction of 
individual dimers and the curved arrows illustrate the rotational direction of the stable 
cluster. β = 0.58. 

Figure 3.4 (a) The behavior of states of type-III dimers (β = 0.58) at different frequencies 
and field strengths. The squares, triangles, and circles indicate the experimental 
conditions investigated for mapping out this state diagram. (b) The propulsion velocity of 
individual dimers under a field strength of 100 Vpp/mm. The inset shows that the 
propulsion velocity scales with the field strength squared.  
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The third type of dimers, like the others, also propel with the smaller lobe leading 

forward. However, when they meet each other, they assemble into a family of planar 

chiral clusters (Figure 3.2c and SI Movie 3.3) that are stable over long time. Figure 3.2d 

show well-defined clusters consisting of two, three, and four dimers with head-to-head 

configuration and they all exhibit handedness clearly. When the particle concentration is 

high, more complex clusters assembled from a larger number of dimers can also be 

observed. In each cluster, the chiral arrangement of dimers within the core and 

characteristic orientation of dimers in the periphery clearly indicate that the assembly is 

driven by non-trivial and lobe-specific interactions. These planar clusters are qualitatively 

different from those 3D clusters in Figure 3.2b because of the absence of the central 

standing dimer. Since all petals are located on the same plane, the dipolar interactions 

between them are repulsive. Therefore, these planar clusters cannot be driven by dipolar 

interactions as in the case of 3D clusters. In fact, whichever driving force that assembles 

the planar clusters has to overcome the strong dipolar repulsions between all lobes.  

 The assembly dynamics of type-III dimers, i.e., the “2D attractive propellers”, can 

be seen from the snapshots in Figure 3.3. When two propelling dimers approach, the 

small lobes attract each other and the dimers re-arrange to form a close-packed doublet, 

which is stable and rotates clockwise. Its rotational direction is consistent with the 

prediction by taking into account both the propulsion direction of individual dimers and 

the cluster chirality. Additional dimers can further shove in, but the smaller lobes always 

face inward (SI Movie 3.4a). The quadruplet can also be formed when multiple dimers 

approach each other simultaneously (SI Movie 3.4b). Again, the rearrangement among 
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dimers clearly indicates favorable interactions between smaller lobes but not among the 

larger ones. 

 Figure 3.4a shows the dependence of the assembly behaviors of 2D attractive 

propellers on both field strength and frequency. In the low frequency regime (400 Hz <

f <~1,600 Hz), the dimers form chiral clusters. With increasing frequency, the close-

packed chiral clusters become loose and transform into achiral ones (SI Movie 3.5). The 

sizes of larger clusters such as the chain in Figure 3.2d also decrease by losing the 

peripheral dimers. Eventually, all clusters disassemble fully and the separated individual 

dimers stop propulsion on the substrate. Different from frequency, the behavior of 

different states is qualitatively similar at different field strengths, indicating both driving 

and competing forces scale similarly to the field strength but differently to frequency.   

 Interestingly, the collective behavior of dimers strongly correlates with the 

propulsion speed of individual particles, which is measured in Figure 3.4b. The 

propulsion velocity decreases as the frequency increases and approaches zero around 

1,900 Hz, which is also the critical frequency where chiral clusters disassemble. The inset 

of Figure 3.4b shows that the propulsion speed scales with the field strength squared. It is 

consistent with the proposed propulsion mechanism due to unbalanced 

electrohydrodynamic (EHD) flow, which is a nonlinear electrokinetic phenomenon.33 

Comparing Figure 3.4a and 4b, one can conclude that the dimers assemble within the 

frequency regime where they are active and the hydrodynamic flow is strong. The cluster 

size decreases when particle propulsion speed declines dramatically as the frequency gets 

higher. And when particles stop propulsion, the clusters also disassemble. All these 

observations indicate that the EHD flow surrounding individual dimers and the resulting 
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hydrodynamic interactions between particles are responsible for the formation of planar 

clusters. Since the dimer propels with its small lobe facing forward, we further 

hypothesize that the EHD flow is extensile around the large lobe but contractile around 

the small lobe. The hydrodynamic attraction between small lobes (due to contractile 

flow) drives the assembly.   

To test our hypothesis, we perform flow tracing experiments to probe the specific 

flow patterns around each lobe. We purposely fix the dimers on the substrate and add a 

suspension of 500 nm tracer nanoparticles. As shown in SI Movie 3.6a, the tracer 

nanoparticles are attracted towards the small lobe and ejected away from the larger one, 

forming a pronounced depletion zone (Figure 3.5a). Trajectories of a few tracer particles 

surrounding both lobes are recorded in Figure 3.5b, which confirms that the EHD flow is 

contractile near the small lobe and extensile near the large one. This kind of flow pattern, 

based on our previous understanding of the relationship between particle propulsion 

direction and specific EHD flow pattern surrounding each lobe,33 will lead to an overall 

particle propulsion with the small lobe oriented forward, consistent with our experimental 

observation. Moreover, the contractile flow will entrain neighboring dimers when they 

approach each other, inducing an apparent hydrodynamic attraction between the small 

lobes. In the meantime, the extensile flow around the large lobe will prevent particles 

from approaching it. Therefore, we observe re-arrangement among dimers during 

assembly and the small lobes always face inward within all stable clusters. We also 

perform the same experiments on the repulsive propellers. As shown in Figure 3.5c and 

5d, the EHD flow around both small and large lobes are extensile (SI Movie 3.6b). 

Although such kind of flow pattern will also lead to particle propulsion with the small 
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lobe facing forward,33 the extensile flow will generate hydrodynamic repulsions between 

dimers. Therefore, repulsive propellers can propel vigorously but never form any stable 

cluster. Clearly, the difference in collective behaviors between repulsive propellers and 

2D attractive propellers originates from their distinct EHD flow directions at the sub-

particle level.  

 

 
Figure 3.5 (a) and (c) Snapshots of tracer nanoparticles surrounding immobilized 2D 
attractive propellers (β = 0.58) and repulsive propellers (β = 0.80). Scale bar: 5 µm. (b) 
and (d) Measured tracer trajectories surrounding both small and large lobes these 
dimers.Each color represents one tracer trajectory and neighboring circles are separated 
by a time interval of 1/16 second. Black arrows indicate the overall movement direction 
of the tracers. Bottom: schematics showing that the EHD flow is contractile (extensile) 
around the small (large) lobe for a type-III dimer, but it is extensile around both small 
and large lobes for a type-I dimer. The black arrows indicate the propulsion direction of 
dimers, respectively.  
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The measured velocity of tracers in Figure 3.5b is 13.5 ± 4.5 µm/s. It is consistent 

with the velocity (~10 µm/s) predicted from the scaling law for electrohydrodynamic 

flow.33 We further perform some quantitative estimation regarding the driving and 

opposing forces for the planar cluster assembly. The hydrodynamic drag on an isolated 

propelling dimer with a speed of 2 µm/s is: 
146 ( ) ~ 8 10 N~d s LF U a a −+  . To estimate 

the dipolar repulsion between small lobes, we use the following formula with measured 

particle properties,  

 ( )2 * 2 4
0

23
Re ( )

4 s
s

m rmse a K
a

F K E
r

 =   (3.2) 

where m is the solvent dielectric constant, 0 is the vacuum permittivity, K is the 

complex polarization coefficient, Erms is the root-mean-squared electric field, and r  is the 

center-to-center separation. By assuming 
12 3sr a  −= + , we find ~eF 5×10-14 N. 

Therefore, the hydrodynamic attraction is strong enough to overcome the repulsive 

dipolar forces between dimers.   

    After understanding the collective behaviors of different types of dimers, 

naturally, we are puzzled by an intriguing question: can we tailor the surrounding flow 

patterns of dimers so that we can control their collective behaviors on demand? 

Specifically, if we change the EHD flow patterns surrounding repulsive propellers, will 

they assemble in a similar way as 2D attractive propellers? Previously, we reported that 

the direction of EHD flow surrounding a sphere depends on its zeta potential: extensile 

around a highly charged particle (e.g., ~-70 mV) and contractile around a weakly charged 

one (e.g., ~-20 mV).33 As a result, a dimer made of these two types of spheres, even if 

their radii are the same, propels with the weakly charged lobe leading forward. This 
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provides us an inkling: by selectively reducing the amount of surface charges on the 

small lobe of a repulsive propeller, we might be able to change the originally extensile 

EHD flow into contractile. Consequently, their collective behavior should also be 

changed from no assembly to clustering.    

 

Figure 3.6 (a) Schematics showing the surface modifications of type-I dimers (β = 0.80) 
with 3-aminopropyltriethoxysilane (APS).  The SEM images show the attachment of 
citrate-gold nanoparticles (negatively charged) on dimers before and after surface 
modification. Scale bars: 2 µm. (b) Pristine type-I dimers do not assemble due to the 
extensile EHD flow on both lobes. (c) The formation of clusters by APS-coated dimers. 
The inset shows the distribution of tracer nanoparticles surrounding an immobilized APS-
coated dimer under the same field condition (100 Vpp/mm and 800 Hz), indicating 
contractile EHD flow surrounding the small lobe.   
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The surface modification can be conveniently performed because of the presence 

of 3-(trimethoxysily) propyl acrylate (TMSPA) on the surface of the seed lobe (i.e., the 

small lobe) of type-I dimers. As shown schematically in Figure 3.6a, we add 3-

aminopropyltriethoxysilane (APS) in type-I dimer solution so that it can be attached to 

the silane functional groups on TMSPA. As we expect, the measured zeta potential of the 

modified dimers decreases from -46.9±1.5 mV to -8.5±0.2 mV because amine in APS is 

positively charged at pH 7. To further confirm that the surface modification only occurs 

on the small lobe, we mix citrate-coated gold nanoparticles with dimers. As proved by the 

SEM images in Figure 3.6a, the negatively charged gold nanoparticles do not attach to 

the pristine type-I dimers which are stabilized by negatively charged sulfonate functional 

groups. The nanoparticles, however, selectively attach to the small lobes of the surface-

modified dimers because of electrostatic attraction/complexation. This result, combined 

with zeta potential measurement, confirms that the small lobe is weakly charged now. 

When we apply an AC electric field to the APS-modified repulsive propeller, they do 

assemble into chiral clusters and higher-order structures while the pristine dimers do not 

exhibit any aggregation (Figure 3.6b and c). Furthermore, tracer nanoparticles 

surrounding a surface-modified dimer also reveal contractile (extensile) flow around the 

small (large) lobe (the inset of Figure 3.6c and SI Movie 3.7). This corroborates that the 

collective behavior of repulsive propellers has been changed by purposely modifying the 

specific flow pattern surrounding the small lobe of the particles. We further confirm that 

the particle aspect ratio does not play a significant role here, as the collective behavior of 

dimers with β=0.66-0.80 can all be changed simply with APS coating.  
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Figure 3.7 (a) Snapshots showing the assembly dynamic of type-III dimers (β = 0.58) in 
10-3 M KCl solution (200 Vpp/mm and 800 Hz). The straight arrows indicate the 
propulsion direction of individual dimers and the curved arrows illustrate the re-
arrangement of neighboring dimers within the cluster. Scale bar: 5 µm. (b) Snapshots of 
tracer nanoparticles surrounding an immobilized type-III dimer in 10-3 M KCl solution 
(100 Vpp/mm and 800 Hz). Scale bar: 5 µm. (c) Measured tracer trajectories surrounding 
both small and large lobes. Each color represents one tracer trajectory and neighboring 
circles are separated by a time interval of 1/30 second. Black arrows indicate the overall 
movement direction of the tracers. Bottom: schematics showing that the EHD flow is 
contractile around both lobes. The black arrow indicates the dimer propulsion direction. 
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 In addition to surface charge, salt concentration can also influence the EHD flow 

directions too. For example, the flow surrounding a polystyrene sphere is contractile in 

10-3 M potassium chloride (KCl) solution35 while it is extensile in DI water.33 Therefore, 

if we suspend the 2D attractive propellers in 10-3 M KCl solution, the EHD flow can 

become contractile around both small and large lobes. Since the flow is stronger for a 

bigger particle, one corollary of this change of flow direction on the large lobe is that the 

dimers will propel with its large lobe leading forward,33 which will be opposite to what 

we have observed for type-III dimers in DI water. This change of particle propulsion 

direction is confirmed by SI Movie 3.8, i.e., the original type-III (2D attractive propeller) 

dimers become type-IV (reverse propeller) dimers. Moreover, because of the contractile 

flow (i.e., attractive electrohydrodynamic interaction) on both lobes, the dimers assemble 

when they meet each other. Interestingly, they do not keep their relative orientations 

during the assembly. Shown in Figure 3.7a and SI Movie 3.8, the large lobes are initially 

close to each other because of the dimer propulsion direction. However, they quickly 

rotate and re-arrange themselves into a more stable cluster where all small lobes are 

facing inward. It is probably because that the dipolar repulsion between small lobes is 

much weaker than that among large lobes (the polarizability of a particle is proportional 

to its volume). This result again demonstrates the link between hydrodynamics 

surrounding asymmetric colloidal motors and their collective behaviors, with an 

additional impact of dipolar interaction.    

 Before concluding, we try to address the question why chirality is commonly 

observed in those clusters. Following the method outlined in our previous work,42,43 we 

calculate the overall electrostatic energy of a cluster as a function of the rotational angle 
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  (Figure 3.8a). We approximate individual lobes on dimer particles as bonded spheres 

that are suspended in a fluid with dielectric constant m  and Debye length 1 − . The 

particles are subject to an AC electric field applied along the z direction, i.e., 

( ) ( )0 ˆ/ j t

ppV H e
−=E r z . Each sphere i  at the position 

ir  has fixed properties of radius 
ia  

and effective charge 
iq . The polarizability of sphere i  is given by 

3
04i m i ia K  = , 

where the polarization coefficient 
iK  is calculated analytically based on the modified 

Dukhin-Shilov theory.44 The interaction between dimers and the conducting substrate is 

accounted for by adding image charges and dipoles. The dipole of sphere i , 
ip , is  

( )0 ,( ) ( )i i i i ind j i

j i




 
= + 

 
p r E r E r     (3.3) 

where ( ), ( ) ( )
ind j i i j j j

= − E r T r r p r  is the field generated by the induced dipole j and 

( ) 3

0( ) 3 / 4 m = −T r rr I r . Since induced dipoles interact mutually and respond to 

local electric fields, they need to be calculated simultaneously from a system of linear 

equations for a given cluster configuration 

 ( )0( )i i ij j

j

= p r A E r                                                   (3.4) 

where ( )( ) 1
1 1ij i ij i j ij  

−
− = − − − A T r r  is a collective polarizability tensor.  

Once 
ip  is obtained, the time-averaged electric energy 

eU  over one period of the 

oscillating field for a cluster can be calculated  

 
e , , 0

( 1)

U ({ ; }) ( ) ( )

                     ( ) ]

i i i Y j i j i Y j i i

i j i i j i i

i i j j i i i

i j i i

q E



 

−



=  − −  − 

−  − +  

   

  

r p r r p r p E

p T r r p p p

  (3.5) 



 

92 
 

where  1/ 2Re *f g f g =   means the time-average and the asterisk signifies complex 

conjugate. , ( ) /r

Y j jr q e r
− =  is the Yukawa-type double layer potential. , ( )Y jE r  is the 

field arising from the screened charge jq . The energy 
eU  includes individual 

contributions of (screened) charge-charge, dipole-charge, dipole-applied field, dipole-

dipole interactions, and a harmonic self-energy that corresponds to the assumption of 

linear polarizability, respectively.   

 As shown in Figure 3.8b, the electrostatic energies of all types of clusters increase 

as the rotational angle gets larger. This can be attributed to stronger double-layer and 

dipolar repulsions between large lobes as their separations become smaller. 

Consequently, achiral clusters should be more favorable than the chiral ones if we only 

consider electrostatics. Experimentally, we mostly observe chiral clusters especially at 

low frequency where the EHD flow is strong. The measured rotational angles   for 

doublets, triplets, and quadruplets of type-III dimers are 101.6º±5.2º, 64.5º±5.03º, and 

46.4º±5.2º, respectively. They are very close to the maximal rotational angles allowed 

due to geometric constraints. In other words, almost all clusters are close-packed. 

Therefore, we speculate that the emergence of chirality is due to hydrodynamic flow. 

Although a perfectly achiral (i.e., symmetric) cluster might be more energetically 

favorable, a small perturbation caused by Brownian motion would break the symmetry. 

Then the unbalanced flow surrounding the cluster would eventually lead to a close-

packed and chiral structure. As frequency increases, the hydrodynamic flow becomes 

weaker, and the rotational angle of clusters also decreases simply because the 

hydrodynamics is not strong enough to compete with the dipolar repulsion. This can be 

seen in Figure 3.8c, where the measured rotational angles at 1.3, 1.7, and 2.0 kHz are 
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53.7º ± 12.7 º, 33.0º ± 8.1º, and 27.1º ± 12.0º, respectively. When EHD flow disappears at 

even higher frequency, the clusters also disassemble.   

 
 

Figure 3.8 (a) Schematics showing the rotational angle   that characterizes an 
achiral/chiral cluster. (b) Calculated electrostatic energy for different sizes of clusters 
with varying rotational angle. (c) Change of rotational angles on frequency. Scale bar: 5 
µm.  

 We also notice that the electrohydrodynamic flow patterns surrounding 3D and 

2D attractive propellers are qualitatively similar. However, their assembly behaviors are 

very different. In experiments, although some 2D attractive propellers can orient parallel 

with the electric field, i.e., stand on the substrate, they do not attract to the lying dimers 

because all of them are located close to the substrate. On the other hand, standing 3D 

attractive propellers are often lifted above the substrate, which allows them to be attracted 
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to the lying dimers due to dipolar attraction. Such a difference between standing 2D 

attractive propellers and 3D attractive propellers will be the subject of our future studies.    

3.5 Conclusions 

 We have investigated the collective behaviors of different types of active and 

asymmetric dimers under a perpendicularly applied AC electric field. We reveal that the 

behavior, structure, and dynamics of assembly all depend on the specific directions of 

electrohydrodynamic flow surrounding two lobes of the dimers. When the EHD flow is 

extensile around both lobes, although individual dimers propel vigorously they do not 

form any stable structure. When the flow is contractile around the small lobe but 

extensile around the large one, propelling dimers can assemble into a family of planar 

clusters with handedness. Our studies show that the formation of such unusual structures 

is caused by the hydrodynamic attraction between small lobes, which is strong enough to 

overcome the dipolar repulsion between all particles on the same plane. When the EHD 

flow are contractile on both lobes, the dynamics of assembly is different. Although 

individual dimers propel with their large lobes orienting forward, they reconfigure and 

arrange into clusters where all small lobes face inward to minimize the penalty of dipolar 

repulsions. Since the EHD flow direction depends on both surface charges of individual 

lobes and salt concentration in solution, we can tune the specific flow patterns on two 

lobes independently. Consequently, the collective behaviors of these dimers can be 

controlled on demand. 

 We note that the assembly of active dimers induced by hydrodynamic attractions 

distinguishes itself from conventional aggregation of passive particles induced by 

conservative forces. More importantly, the ability to tune hydrodynamic flow at the sub-
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particle level allows a new type of directed-assembly that does not exhibit in many active 

systems including bacteria cells. For example, the contractile flow on small lobes leads to 

hydrodynamic attraction of multiple dimers. Once they are formed, the extensile flow on 

the large lobes which are oriented in the peripheral region of the cluster prevents its 

further growth. So in principle, such type of hydrodynamic assembly is self-regulating. In 

our EHD motors, the directions of flow can be controlled by surface charge and the 

strength of flow is controlled by lobe size. Therefore, it is possible to manipulate these 

two important parameters independently by rational design during the particle synthesis 

stage. With an optimized recipe, we expect that monodisperse clusters with chirality can 

be fabricated, which have potential applications in directed-assembly and meta-materials.  
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List of supplementary movies: 
 
SI Movie 3.1 The collective behavior of type-I dimers in DI water. They propel 
vigorously but do not assemble into any stable structure (100 Vpp/mm and 700 Hz). The 
movie is played in real time.  
 
SI Movie 3.2 Type-II dimers assemble into 3D chiral clusters (50 Vpp/mm and 500 Hz) 
in DI water. The movie is played in real time.  
 
SI Movie 3.3 Type-III dimers assemble into planar chiral clusters (80 Vpp/mm and 700 
Hz) in DI water. The movie is played in real time. 
 
SI Movie 3.4 Dynamic formation of planar chiral clusters under an AC electric field. (a) 
sequential growth of a quadruplet (60 Vpp/mm and 1500 Hz). The movie is accelerated by 
three times. (b) Sequential growth of a quadruplet (80 Vpp/mm and 800 Hz). The movie is 
accelerated by two times. 
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SI Movie 3.5 The frequency dependence of the assembly of chiral clusters. The field 
strength is kept at 100 Vpp/mm. The experiment starts at 400 Hz and it is gradually 
increased to 2000 Hz at end. The movie is accelerated by four times.  
 
SI Movie 3.6 Tracer movement surrounding an immobilized (a) type-III dimer (100 
Vpp/mm and 600 Hz) and (b) type-I dimer (300 Vpp/mm and 800 Hz) under AC electric 
field. The movies are accelerated by three times.  
 
SI Movie 3.7 Tracer movement surrounding an immobilized APS-modified type-I dimer 
under AC electric field (400 Vpp/mm and 1000 Hz). The movies are accelerated by three 
times.  
 
SI Movie 3.8 Assembly of type-III dimer in 10-3 KCl solution (200 Vpp/mm and 800 
Hz). The movie is played in real time.  
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CHAPTER 4  

PROPULSION OF ASYMMETRIC PARTICLES UNDER HIGH-FREQUENCY AC 

ELECTRIC FIELDS 

 

4.1 Abstracts 

Among different ways to actuate microscopic objects, the AC electric fields exhibit 

unique versatility and promising applications such as building active sensors and 

metamaterials with microscopic structures not governed by thermodynamic equilibrium. 

Here, we examine the active motion of both metallo-dielectric and all-dielectric 

asymmetric particles induced by AC electric fields in the high-frequency regime, which is 

well above the inverse of the relaxation time to charge the particles or electrode. For 

metallo-dielectric Janus spheres, we observed reversed motion near both conductive and 

insulating substrates. And the metallo-dielectric dimers changed their alignment with the 

field at the same frequency where their motion started to reverse, revealing the close 

relationship between the contrast in dipoles of the dielectric/metallic parts and motion 

reversal. These results appear to support the self-dielectrophoresis mechanism proposed by 

Boymelgreen et. al. (Langmuir 2016, 32, 9540-9547). More importantly, we discovered a 

new phenomenon that all-dielectric asymmetric particles can also propel in the high-

frequency regime. In particular, we found that polystyrene-silica dimers propelled with the 

polystyrene lobe forward at an elevated height above the electrode. With the help of 

nanoparticle tracers, we observed strong and contractile hydrodynamic flow surrounding 

both lobes which explains the observed elevation of particles. Furthermore, the flow near 

the polystyrene lobe is stronger than the silica lobe, explaining the propulsion direction of 
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the dimers. Since the frequency regime for active motion is very close to the inverse of the 

time scale for ions migrating in and out of the double layer, we hypothesize that the 

hydrodynamic flow is originated from the electro-osmosis of induced charges within the 

double layer near the electrode, which is corroborated by the fact that no particle motion is 

observed when it is adjacent to an insulating substrate. The new propulsion mechanism 

reported here greatly expands the material library available in designing active motors for 

both fundamental and practical studies.  

4.2 Introduction 

Autonomous propulsion of microscopic objects is the key to understand living 

matters far from equilibrium and can potentially benefit human beings1. Colloidal micro-

machines have shown promising potentials ranging from cargo transportation to actuated 

micro-devices2,3. To achieve sustained locomotion at the micro-scales, breaking the 

asymmetry of hydrodynamic flow is essential4-6. For example, Janus motors where a thin 

metal layer is partially coated on a dielectric particle are widely exploited to mimic the 

swimming of natural organisms and to study their intriguing collecting behaviors7,8.   

Among different types of external fields such as electric, magnetic, and optical 

fields that have been used to actuate microscopic objects, the electric field has historically 

exhibited exemplary versatility and scalablity in manipulating colloids and biological cells 

such as electrophoresis9 and dielectrophoresis10,11. More recently, electric fields have been 

used to guide the propulsion of colloidal motors and to control their assembly into unique 

architectures such as the chiral structures12,13. Under a coplanar-electrode setup where a 

low-frequency (<10 kHz) AC electric field is applied across a pair of horizontally separated 

electrodes, metallo-dielectric Janus spheres propel with the dielectric hemisphere leading 
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due to the induced-charge electrophoresis (ICEO)14. Recently, the same type of spheres, 

however, have been observed to propel with the metallic hemisphere leading in a high-

frequency regime (~100 kHz - MHz) when they are subjected to an AC electric field 

perpendicularly applied across two electrodes 15,16. It is important to note that this 

frequency regime is well above the inverse of the relaxation time that forms an electric 

double layer near a polarizable surface such as an electrode or the metallic coating on 

particles. Two different hypotheses have been proposed to explain the observed motion 

reversal. Storey et al. attributed the reversal of ICEO flow to steric effects of highly 

crowded ions within the double layer17. By incorporating the finite size of both counter- 

and co-ions in the Poisson equation, they have successfully predicted the experimentally 

observed flow reversal on microelectrode arrays 18. Although it provides a new way of 

thinking, this hypothesis is difficult to test experimentally. Boymelgreen et. al.19, on the 

other hand, attributed the motion reversal to the so-called self-dielectrophoresis, i.e., the 

“dual symmetry-breaking of an asymmetric particle near a conducting wall” induces a 

localized electric-field gradient, which acts on the polarized particle and drives its motion. 

Their hypothesis was supported by the observation that no hydrodynamic flow, when using 

nanoparticle tracers, was detected around the Janus sphere at high frequencies. 

The purposes of this study are two-fold. First, we aim to further test the self-

dielectrophoresis hypothesis on metallo-dielectric particles. Previous work suggested that 

the presence of a conducting substrate adjacent to the particle is essential19. We would like 

to examine whether the reversed motion of metallo-dielectric Janus spheres can also be 

observed on an insulating substrate by using the coplanar-electrode setup, which will 

further reveal the impact of substrate on particle motion. In addition, we will study the 
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propulsion of metallo-dielectric dimers at high frequencies where the impact of particle 

geometry will be investigated. The second objective of this study is to explore whether the 

same mechanism can be applied to the more general types of asymmetric particles which 

are made from all-dielectric materials. One unique feature of our studies is that we utilize 

both the coplanar- and parallel-electrode setups. Combined with different types of 

asymmetric particles, we aim to understand the propulsion of different types of colloidal 

motors at high frequencies. A significant finding in this chapter is a new mechanism that 

drives the propulsion of all-dielectric asymmetric particles at high frequencies, which 

markedly expands the material library available in designing active motors for both 

fundamental and practical studies.  

4.3 Experimental section 

 Particle preparation, the electric field setup, EHF flow tracking, the determining 

of propulsion speed and elevation height of particles are described. 

4.3.1 Particle preparation 

The polystyrene-gold (PS-Au) Janus spheres were manufactured by coating 5 nm 

chromium and 10 nm gold on a monolayer of 4 µm polystyrene (PS) spheres using thermal 

evaporation. The polystyrene-platinum (PS-Pt) dimers were synthesized by selectively 

growing a dense layer of platinum on the bulk-synthesized polystyrene dimers following 

previous work from our group13,20. In brief, monodisperse polystyrene spheres (~1 µm) 

with sulfonate and silane functional groups were synthesized via dispersion polymerization 

in a mixture of water and methanol at 70 oC. The spheres were then crosslinked with 

divinylbenzene and then swollen into dimers with different aspect ratios between the small 

and large lobes. The dimers were mixed with citrate-stabilized gold nanoparticles, and they 



 

104 
 

were selectively coated on the silane-functionalized lobes. Finally, a shell of platinum was 

grown on the gold nanoparticles by mixing the gold-coated dimers with potassium 

tetrachloroplatinate and ascorbic acid. The polystyrene-silica (PS-SiO2) dimers with 

similar zeta potentials on two lobes were fabricated using the salt-in-salt-out method4. 2 

µm PS spheres (measured zeta potential: 43.8 3.8 mV−  ) and 2 µm silica spheres 

(measured zeta potential: 41.5 3.1 mV−  ) were mixed in 1 M potassium chloride (KCl) 

aqueous solution for one hour. Aggregates formed between PS and SiO2 spheres were then 

separated and cleaned with deionized (DI) water for seven times. Among those aggregates, 

we primarily focused on the PS-SiO2 dimers. 2.7 µm magnetic latex particles, i.e., the 

Dynabeads (Thermofisher Scientific), were washed with DI water four times before use. 

4.3.2 The electric field setup 

Electric field experiments were conducted with two types of arrangement of the 

electrodes. The parallel-electrode setup, as shown in Figure 4.1a, consisted of a chamber 

formed between two indium-tin-oxide (ITO) glass slides (Diamond Coating, West 

Midlands, UK) separated by a pair of 50-µm-thick plastic spacers. To prevent irreversible 

adhesion of particles on the substrate, the cleaned ITO glasses were coated with a thin film 

(~13 nm) of silicon dioxide. They were then thoroughly cleaned by sequential rinse of 

acetone, isopropyl alcohol, and DI water before being treated under oxygen plasma for two 

minutes. Next, the ITO glass slides were immersed in a mixture of 0.5 M sodium chloride 

and 5 mg/mL poly(sodium 4-styrenesulfonate) solution for 10 min under sonication. The 

coplanar-electrode setup, shown in Figure 4.1b, consisted of a glass slide coated with two 

parallel 200-nm-thick gold patches that were by 649 μm. All slides were thoroughly rinsed 

with DI water before use. For both setups, a total of 3-10 μL particle suspension was 
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pipetted on the bottom substrate. An additional glass slide or ITO slide was used to cover 

the suspension to reduce solvent evaporation. 

 The AC electric field was applied across the two electrodes by using a function 

generator (RIGOL DS1054Z) and a voltage amplifier (TREK 2100HF). All experiments 

were performed on an inverted microscope (Olympus IX71) equipped with a color camera 

(QImaging Retiga-2000R) and a high-speed black/white camera (Silicon Video 642). 

 

  

Figure 4.1. Schematics of the (a) parallel- (side view) and (b) coplanar-electrode (top 
view) setups. Three types of particles involved in this study are PS-Au Janus spheres, PS-
Pt Janus dimers, and PS-SiO2 dimers. 

4.3.3 Tracing the electrohydrodynamic flow around particles 

One μL diluted particle suspension was first smeared evenly on an ITO substrate. 

After the droplet was dried by natural evaporation, particles stuck onto the ITO substrate 

due to their van der Waals attraction to the substrate. 10 μL fluorescent polystyrene 

nanosphere suspension (500 nm-in-diameter, ∼0.067 wt/vol%, Life Technology) was then 

added onto the substrate as tracer particles. Videos were typically captured at 25 frames 

per second (fps) and analyzed in ImageJ by tracking the coordinates of tracers. 
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4.3.4 Determining the propulsion speed of colloidal motors  

Monochrome videos of 30-60 frame per second (fps) were first converted into 

binary images with appropriate contrast. The x-y coordinates of the micro-motors were then 

obtained using the centroid method by MATLAB. The two-dimensional mean squared 

displacement (MSD) 2
L   of each motor was plotted against the corresponding time 

interval t . Since the characteristic time scale of particle rotational 
RT  is much larger than 

t , the MSD can be fitted in the following quadratic equation21 

 2 2 2 4 eL u t D t  =  +   (4.1) 

where u  and 
eD  are the linear propulsion velocity and two-dimensional effective diffusion 

coefficient of the particle, respectively. This method allows us to determine the propulsion 

speed even when it is low and the particle trajectory is non-linear. Error bars were obtained 

based on the analysis of at least 8 particles.  

4.3.5 Determining the separation of swimming motors from the substrate 

The image stacks at different separations from the substrate were obtained from an 

inverted microscope equipped with a motorized stage (Prior Scientific, Inc, MA), which 

was programmed to move at an interval of ~ 50 nm along the direction perpendicular to 

the substrate. Movies were analyzed with ImageJ, and the separations between spherical 

particles and the substrate were identified when the edges of the particles became sharp. In 

case of the PS-silica dimer, the separation between the silica lobe and substrate was used. 

4.4 Results & Discussion 

 Three different types of anisotropic particle are discussed in this section. 
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4.4.1 Polystyrene-gold (PS-Au) Janus Sphere 

PS-Au Janus spheres of 4 µm in dimeter is first studied by using the parallel-

electrode setup where an AC electric field is applied perpendicularly to the conducting 

substrate. As shown in Figure 4.2, the Janus sphere propels with its PS hemisphere leading 

at the low-frequency regime (100 Hz < f < 15 kHz). Then its propulsion direction reverses, 

i.e., the Au hemisphere leads, at higher frequencies (20 kHz < f < 1,500 kHz). The 

propulsion speed peaks at ~200 kHz, then decreases as the frequency increases, and 

eventually vanishes when f approaches 10 MHz. Our observation is consistent with the 

literature16,19. Boymelgreen et. al. laid out the necessary conditions for motion reversal of 

metallo-dielectric Janus spheres: the Janus particle needs to be adjacent to a conductive 

substrate. To further test this, we have also performed experiments by using the coplanar-

electrode setup. One of the key differences between the parallel- and coplanar-electrode  

setups is the applied field direction relative to the bottom substrate: being perpendicular in 

the parallel-electrode setup and parallel in the coplanar-electrode setup. Another important 

difference is that the substrate is conducting (insulating) for the parallel-(coplanar-) 

 

Figure 4.2. Frequency dependence of the propulsion velocity of PS-Au Janus spheres in 
the parallel-electrode setup. The electric field strength is 400 Vpp/mm. The inset shows 
the propulsion direction of the particle.  
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electrode setup. By comparing particle motion on these two types of substrates, we aim to 

understand the driving mechanism.          

Interestingly, we also observe the reversed propulsion of PS-Au Janus spheres on 

the parallel-electrode setup (Figure 4.3). At low frequency (100 Hz < f < 200 kHz), the 

Janus sphere propels with its PS hemisphere leading. With increasing frequency, its 

propulsion speed decreases and the propulsion direction reverses at ~300 kHz. Different 

from what we have observed in the parallel-electrode setup, the reversed motion reaches 

the highest speed around ~2 MHz. But the particle also stops moving around 10 MHz. The 

propulsion speed at high frequencies scales quadratically with the applied field strength, 

showing the expected nonlinear electrokinetic behavior (Figure 4.4). Our results show that 

the presence of a conducting substrate underneath the particle is not necessary for particle 

motion (and reversed motion), since the substrate in the coplanar-electrode setup is 

insulating. However, this does not necessarily indicate that Boymelgreen et al.’s self-

dielectrophoresis mechanism is wrong. The presence of a substrate can also break the 

symmetry and generate a field gradient along the particle propulsion direction, although 

the quantitative impacts of conducting vs. insulating substrate on the reversed motion is 

still unknown. Numerical modeling will be needed for future studies. We also note that the 

orientation of the Janus sphere on the coplanar-electrode setup is different from what has 

been reported before 14: the interface between PS and gold-coated hemispheres is 

perpendicular to the applied field here. We postulate that the orientation difference is 

because both PS and Au hemispheres are positively polarized due to the smaller size and 

higher surface conductivity on the PS hemisphere. To minimize the electrostatic energy, 

both dipoles of Au and PS lobes align parallel with the field. 
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Figure 4.3. The propulsion speed of PS-Au Janus spheres on the coplanar-electrode setup 
at different frequencies. The field strength is 100 Vpp/mm when f < 300 kHz and 200 
Vpp/mm for higher frequencies. 

 

 

Figure 4.4. The propulsion speed of PS-Au Janus spheres in the coplanar-electrode setup 
at different electric field strengths. The frequency is fixed at 1 MHz.  
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Figure 4.5.  Frequency dependence of the propulsion speed of PS-Pt dimers in the 
parallel-electrode setup. The electric field strength is 300 Vpp/mm when f < 50 kHz and 
600 Vpp/mm when the frequency is higher. 

4.4.2 Polystyrene-platinum (PS-Pt) dimer 

To further understand how the particle geometry influences the propulsion of 

metallo-dielectric particles, we study the motion of PS-Pt dimers. In the parallel-electrode 

setup, the PS-Pt dimer propels in the similar way to PS-Au spheres: it propels with its PS 

lobe leading when the frequency is lower than 50 kHz and the Pt lobe oriented forward at 

higher frequencies (Figure 4.5). In the coplanar-electrode setup, the PS-Pt dimer propels 

with its PS lobe leading when the frequency is lower than 20 kHz. As the frequency goes 

higher, the motion is reversed and the Pt lobe leads in the propulsion. A quick comparison 

between the PS-Au Janus sphere and PS-Pt dimers reveals some similarity: the metallic 

component leads in the propulsion direction in the high-frequency regime while the 

dielectric component faces forward at the low-frequency regime. The propulsion speed also 

scales with the applied field strength squared, as shown in Figure 4.6.   
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Figure 4.6.  The dependence of propulsion speed of PS-Pt dimers on the electric-field 
strength in the parallel-electrode setup. The frequency is fixed at 250 kHz. 

 

 
Figure 4.7. The propulsion and orientation of PS-Pt dimers in the coplanar-electrode 
setup. (a) The propulsion speed (black squares) and orientation (red squares) of PS-Pt 
dimers at different frequencies. For the speed measurement, the field strength is 100 
Vpp/mm when f <  20 kHz and 300 Vpp/mm for higher frequencies. For the particle 
orientation measurement, the field strength is ~ 75 Vpp/mm. (b) Schematics of electric 
dipoles and orientation of the PS-Pt dimers at low and high frequencies.  
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The geometric anisotropy present on the PS-Pt dimers, however, allows us to 

observe its orientational response to the applied field, especially in the coplanar-electrode 

setup. As shown in Figure 4.7a, the dimer aligns its long axis with the external field (0°) at 

lower frequencies, while it rotates 90° and aligns its long axis perpendicular to the field at 

high frequencies. This orientation change can be understood by the change of the electric 

polarizability of the platinum lobe from negative to positive as frequency increases, while 

the dipole of the PS lobe is likely negative across the whole frequency regime. At low 

frequencies, the field lines surround the Pt lobe is fully screened by the charges in the 

electrical double layer induced by the field and therefore shows a negative dipole. When 

the Pt and PS lobes both exhibit negative polarizabilities, the alignment of dimer with its 

long axis parallel to the field is energetically favorable (Figure 4.7b). At high frequencies, 

ions in the diffusive layer do not have sufficient time to move along the surface of the 

whole platinum lobe and keep up with quick oscillation of the electric field, so particle 

polarization is primarily dictated by the mismatch between the permittivity of the particle 

and the solvent. As a result, the Pt lobe is positively polarized, while the PS lobe still 

exhibits a negative polarizability. Therefore, the dimer aligns perpendicular to the field to 

minimize its electrostatic energy. Indeed, we can estimate the cross-over frequency where 

the Pt lobe changes its sign of polarizability22, which is ~5 kHz, similar order of magnitude 

as the experimentally observed value (~20 kHz) in Figure 4.7a. It is also remarkable to see 

that this cross-over frequency is very close to that where the particle propulsion direction 

changes (Figure 4.7a). This is probably not a simple coincidence. The electric-field 

gradient surrounding the dimer is likely the largest when two lobes exhibit opposite 

polarizabilities, which will provide the strongest driving force for the reversed motion. We 
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are currently collaborating with computationists to test this hypothesis via numerical 

modeling.  

4.4.3 Polystyrene-silica (PS-SiO2) dimer 

After studying the metallo-dielectric particles, we further address the question 

whether an asymmetric particle without any polarizable surface such as all-dielectric 

particles can also propel at high frequencies. In the past, our group has demonstrated that 

asymmetric dielectric particles with broken symmetry in geometry, composition, or 

interfacial charges (such as the polystyrene dimers, silica dimers, and PS-SiO2 dimers) can 

all propel in directions that are perpendicular to the applied uniform low-frequency AC 

electric field4. The asymmetry in particle properties influences the electrohydrodynamic 

(EHD) flow surrounding two sides of the particles differently in both flow direction and 

magnitude. Such a difference results in an unbalanced EHD flow and induces particle 

motion.  

For the first time, we find that PS-SiO2 dimers can also propel in the frequency 

regime of 20 kHz – 500 kHz on the parallel-electrode setup (Figure 4.8a). We note that its 

propulsion direction is opposite to that at low frequencies, i.e., the PS lobe takes the lead. 

When the frequency is higher than 500 kHz, dimers show no propulsion because they 

change their orientations and align the long axes with the applied field, i.e., they stand up 

on the substrate. Another striking finding is that when the dimer starts to move in the 

opposite direction, it is also elevated significantly above the substrate (as high as 10 μm or 

five diameters of the individual lobe), as shown in Figure 4.8b. Interestingly, the dimer’s 

elevation becomes the highest around ~100 kHz, the same frequency where it propels the 

fastest. The propulsion speed is proportional to the field strength squared (Figure 4.9). 
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Figure 4.8. Frequency dependence of the propulsion speed (a) and elevated height (b) of 
PS-SiO2 dimers in the parallel-electrode setup. The field strength is 150 Vpp/mm when f < 
20 kHz and 300 Vpp/mm for higher frequencies. The elevated height of PS-silica dimers 
was measured at 400 Vpp/mm. 

 

Figure 4.9. The dependence of the propulsion speed of PS-SiO2 dimers on electric-field 
strength in the parallel-electrode setup. The frequency is fixed at 100 kHz.  
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Since dielectric materials are not polarizable, the induced-charge electroosmosis 

(ICEO) flow surrounding the particles, if any, is generally considered negligible23. This is 

particularly true when the operating frequency regime is way beyond the inverse of the RC 

charging time of the particles, which is ~10 kHz in the case of PS-SiO2 dimers. Therefore, 

the asymmetric dielectric particles must propel under a different mechanism from ICEO. 

Could it be driven by the self-dielectrophoresis as the metallo-dielectric Janus spheres and 

dimers are? We have studied the behavior of PS-SiO2 dimers using the coplanar-electrode 

setup and no particle propulsion can be found in the high-frequency regime. This is 

different from the behavior of metallo-dielectric particles and indicates that the presence 

of a conducting substrate is crucial for the observed dielectric particle propulsion. 

Therefore, the mechanism of self-dielectrophoresis is also unlikely, at least cannot be 

dominant, especially considering the fact that the difference in dielectric constants between 

polystyrene and silica is very small (~1/40 and 1/20 of water). The self-generated electric 

field gradient is small.    

The fact that dimers are elevated during propulsion appears to indicate that there is 

a strong and contractile hydrodynamic flow surrounding the particles, which can lift them, 

balance with the gravitational force, and maintain a significant separation from the 

substrate.  Indeed, when the frequency is low (< 100 Hz) and the mobilities between cations 

and anions in solution are significantly different, it has been reported that polystyrene 

spheres can be lifted to tens of microns above the electrode due to the delicate balance of 

electrohydrodynamic flow, gravitational force, and electrostatic interaction between 

particle and substrate24. The results reported in Figure 4.8b also show a few to ten microns 

elevation within the frequency regime of 10 kHz – 500 kHz. Moreover, the particle 
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elevation is closely correlated with frequency and propulsion speed. At the frequency 

regime where the dimers start to propel with the PS lobe leading, they are also started to 

be lifted up above the substrate. As shown in SI movie 6, PS-SiO2 dimers are moving 

dynamically at an elevated height with some perturbation due to Brownian motion. When 

the propulsion is fast (slow), the elevation is also high (low). Based on these observations, 

we, therefore, hypothesize that a strong contractile but unbalanced flow surrounding the 

PS-SiO2 dimers engenders their translation and elevation under high-frequency AC electric 

fields.  

To prove the existence of hydrodynamic flow at high frequencies, we purposely fix 

PS-SiO2 dimers on the conducting substrate and then track the potential flow under electric 

fields using nanoparticle tracers. As shown in Figure 4.10a, the tracers move towards both 

PS and SiO2 lobes when they are close to the substrate. They are ejected from both lobes 

when we move the optical focus towards the top of the dimers. The similar type of flow 

can also be observed surrounding isolated PS or silica spheres, which clearly indicates 

strong and contractile flow. We can further quantify the magnitude of flow by tracking the 

displacement of each tracer as a function of time, shown in Figure 4.10b. The time, t0, is 

set as the moment when tracers move to the edge of the lobes (r/d = 0.5) and disappear in 

the field of view. We also fit the experimental data with theory of EHD flow at low 

frequencies 4 
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                                                       (4.2) 

where d  is the lobe diameter, and r  is the lateral distance from the lobe center to 

the point where the EHD flow is evaluated. It can be seen that when 𝑟/𝑑 ≫ 1, the  
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Figure 4.10. Tracking the EHD flow surrounding a PS-SiO2 dimer in the parallel-
electrode setup by using tracer nanoparticles (500 nm in diameter). (a) Representative 
trajectories of tracers moving toward the PS (filled) and silica (solid) lobes of a PS-SiO2 
dimer. (b) Radial positions of the trace particles that move toward the PS (red) and silica 
(black) lobes of a PS-SiO2 dimer fixed on the electrode at 800 Vpp/mm and 100 kHz. The 
time, 

0t , is defined as the time when tracer disappeared from the edge of the PS (or 

SiO2) lobe (r/d = 0.5), where d is the lobe diameter. The solid lines are theoretical fitting 
with 𝑟/𝑑 ∝ 𝐶𝑡−0.2. The error bars represent one standard deviation.  
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 volecity scales with the separation as 4
r
−  4,25. One can further integrate this velocity with 

respect to time and obtain the scaling between the radial position of a tracer particle 

convected by the flow and time: 𝑟/𝑑 ∝ 𝐶𝑡−0.2. Although it is unclear whether the high-

frequency EHD flow scales the same way as the low frequency, Equation 4.2 fits well with 

our experimental data (Figure 10b). From the fitting, we are able to obtain the 

hydrodynamic velocity when it approaches the PS and SiO2 lobes at r/d = 0.5, i.e., the slope 

of the curves at t0. They are 17.1 µm/s and 12.4 µm/s, respectively. The fact that the 

contractile flow is stronger near the PS lobe than the silica lobe is also consistent with our 

observation that the dimer propels with its PS lobe leading, as the superposition method 

predicts4. Complementary to tracer tracking at high frequencies, the flow patterns around 

a PS-SiO2 dimer at low frequencies are also determined. We find extensile flow around the 

PS lobe and contractile flow around the silica lobe, which synergistically engenders dimer 

propulsion with the silica lobe leading.   

 

Figure 4.11. Propulsion of other types of asymmetric particles under high-frequency AC 
electric fields in the parallel-electrode setup (a) Dynabead-silica dimers at 360 Vpp/mm 
and 300 kHz. The arrows show the propulsion direction where the Dynabead (dark 
sphere) leads. (b) Propulsion of viable yeast-Dynabead clusters (100 kHz and 10 Vpp) 
where the yeast cell leads26. Scale bar: 5 µm.   
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To further test the propulsion of asymmetric all-dielectric particles under high-

frequency AC electric fields, we have also tried other types of particles. For example, when 

we mix the magnetic latex particles (a = 2.7 μm), i.e., Dynabeads, with silica spheres (a = 

2 μm) under AC electric fields, we find that they spontaneously assemble into dimers due 

to dipolar attraction (Figure 4.11a). Interestingly, the assembled dimers propel with the 

Dynabead leading at high frequencies (~100 kHz). JingJing Gong from our group also 

demonstrated the motion of hybrid Dynabead-yeast assemblies at high frequencies26 

(Figure 4.11b). These observations clearly suggest that propulsion of all-dielectric 

asymmetric particles at high frequencies universally applies for more general types of 

asymmetric particles, be it inorganic, organic, insulating, conducting, biogenic, or synthetic 

particles.  

4.4.4 Discussion 

Our experimental results have clearly suggested the existence of EHD flow near a 

conducting substrate at high frequencies. Before we speculate the origin of this flow, it is 

useful to examine the relevant time scales involved in the motion of particles near an 

electrode, which are summarized in Table 4.1. The largest time scale, /H D , is the RC 

time for charging the electrode, which controls the dynamics of diffusive charges near the 

electrode. When /f H D , induced charges accumulate near two electrodes forming 

capacitors that effectively screen the electric field in bulk, just like what happens when a 

direct-current (DC) field is applied. The second time scale, 2 /a D , characterizes the time 

for diffusive charges to move across the whole surface of the particle, which governs the 

electrohydrodynamic flow surrounding the particle near an electrode at low 
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frequencies27,28. When 2/f D a , the EHD flow vanishes and particle stops moving at 

low frequencies.  

Table 4.1. Relevant time scales involved in the motion of particles near electrode  
 H/Dĸ 2 /a D  /a D  2 / D  

Time ( ) 5×10-3 s 5×10-4 s 5×10-5 s 5×10-6 s 

Frequency (τ-1) 200 Hz 2 kHz 20 kHz 200 kHz 
H = 100 μm, the separation between two electrodes; 
D = 2×10-9 m2/s, diffusivity of common salts such as sodium chloride; 
a = 10-6 m, the radius of particle; 
ĸ-1 = 10-7 m, Debye length of deionized water (with CO2 from the ambient dissolved in). 
 

The third time scale, /a D , characterizes the RC time for charging the polarizable 

part of the particle surface, such as a metallic surface on the metallo-dielectric Janus 

particle. When an electric field is applied, the field drives ions from the bulk into a charge 

cloud on the metallic side of the particle, inducing an equal and opposite mount of surface 

charges on the metallic surface, the process of which is referred as RC charging of the 

particle23. The tangential component of the applied field acts on the dipolar charge cloud, 

driving electroosmotic flow from the poles of the particle to the equator, which is 

commonly referred as the induced-charge electrophoresis (ICEP). ICEP is responsible for 

the motion of metallo-dielectric Janus particles where the dielectric part leads14. When 

/f D a , ICEO flow around the metallic surface vanishes and in principle, the Janus 

particles should stop moving. However, researchers (including us) have observed the 

reverse motion of these particles at frequencies much higher than /D a . Its underlying 

mechanism is still under debate. Kilic et. al.17 proposed that the crowding of counter-ions 

near the particle surface at high voltage can explain the reversal of ICEO flow, while 

Boymelgreen et. al.19 suggested that a surface force, arising from a localized electric field 

gradient due to the broken symmetry of both particle and substrate, acts on the polarized 
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particle and drives its motion. They coined “self-dielectrophoresis” for this phenomenon. 

Our experimental results in Sections 4.3.1 and 4.3.2 suggest that this self-dielectrophoresis 

mechanism could be relevant. However, to affirmatively test the above two hypotheses, 

one will need to study whether there is any motion when the Janus particle is suspended in 

bulk. Since the boundary effect caused by substrate will be minimal there, any motion 

observed will indicate that it is originated from hydrodynamic flow surrounding the particle 

rather than the surface force since self-dielectrophoresis vanishes when particle is far away 

from the substrate. This is the experiment that we plan to do in the near future.  

The smallest time scale, 2 / D , characterizes the process that both counter-ions 

and co-ions periodically migrate in and out of the electrical double layer of both electrode 

and particle. We note that its characteristic frequency, i.e., ~ 200 kHz, is right within the 

frequency regime where the reversed motion of all-dielectric asymmetric particles is 

observed. With additional fact that our experiments also show that the motion is driven by 

hydrodynamic flow near the electrode rather than a surface force on the particle, we 

hypothesize that the electrohydrodynamic flow arising from the electroosmotic flow of the 

charges in the diffusive layer near the electrode is responsible for the observed propulsion 

and elevation of dielectric particles at high frequencies. Theoretical modeling to validate 

our hypothesis is currently underway.    

4.5 Conclusions 

We investigate the impact of geometry and chemical composition on two-

dimensional propulsion of asymmetric particles under both parallel- and coplanar-

electrode setups in the high frequency regime (~100 kHz - MHz). In particular, a metallo-

dielectric Janus sphere exhibits reversed motion where the metallic lobe orients forward 
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when the substrate is either conducting or insulating.  On the coplanar-electrode setup, the 

metallo-dielectric dimers change their orientations from parallel to perpendicular to the 

applied field at a critical frequency, which is the same one under which the dimers reverse 

their propulsion directions. Our results for both types of metallo-dielectric particles appear 

to support the mechanism of “self-dielectrophoresis” proposed by Boymelgreen et. al.19.    

We have also discovered that asymmetric all-dielectric particles can propel in the 

high-frequency regime and its propulsion direction is opposite to that at low frequencies. 

Interestingly, the particles are lifted above the conducting substrate while propelling. 

Moreover, the particles do not exhibit any propulsion on a non-conducting substrate. This 

indicates that the underlying mechanism that drives the asymmetric dielectric particles is 

not due to surface force such as the Maxwell stress. Instead, it is driven by an unbalanced 

electrohydrodynamic flow. Our experiments using nanoparticle tracers further reveal 

strong and contractile flow around each lobe, corroborating our hypothesis. Furthermore, 

quantitative analysis of the EHD flow velocities shows that the flow around the polystyrene 

lobe is stronger than that around the silica lobe, which results in dimer translation with the 

silica lobe leading based on superposition theory, consistent with our experimental 

observation. The hydrodynamic flow is likely originated from the double layer near the 

electrode since the frequency regime where the reversed motion is observed is very close 

to the inverse of the time scale for ions migrating in and out of the double layer near the 

electrode.      

We note that the driving mechanisms of colloidal motors under electric fields, i.e., 

conservative force or sustained flow, are fundamental to understand their individual and 

collective behaviors. Reversing the propulsion direction of particles and changing the 
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associated particle orientation by simply tuning the electric-field frequency offer an 

enticing binary switch to control the motion of motors. More importantly, the surprisingly 

strong electrohydrodynamic flow at high frequencies markedly expands the inventory of 

active motors from metallo-dielectric particles to all-dielectric particles, especially when 

taking into the consideration of sophisticated and non-scalable processes of fabricating 

metallo-dielectric particles.  

4.6 Acknowledgements 

This work was supported by the National Science Foundation (CBET-1336893). 

4.7 References 

(1) Zhang, H.-P.; Be’er, A.; Florin, E.-L.; Swinney, H. L. Proceedings of the National 
Academy of Sciences 2010, 107, 13626. 

(2) Hunt, H. K.; Armani, A. M. Nanoscale 2010, 2, 1544. 

(3) Ma, F.; Yang, X.; Wu, N. In Anisotropic Particle Assemblies; Wu, N., Lee, D., 
Striolo, A., Eds.; Elsevier: Amsterdam, 2018, p 131. 

(4) Ma, F.; Yang, X.; Zhao, H.; Wu, N. Phys Rev Lett 2015, 115, 208302. 

(5) Bazant, M. Z.; Squires, T. M. Current Opinion in Colloid & Interface Science 2010, 
15, 203. 

(6) Sengupta, S.; Ibele, M. E.; Sen, A. Angewandte Chemie International Edition 2012, 
51, 8434. 

(7) Trau, M.; Saville, D.; Aksay, I. Science 1996, 272, 706. 

(8) Sindoro, M.; Granick, S. Angewandte Chemie 2018, 130, 17015. 

(9) O'Farrell, P. H. Journal of biological chemistry 1975, 250, 4007. 

(10) Morgan, H.; Green, N. G. AC electrokinetics : colloids and nanoparticles; Research 
Studies Press: Philadelphia, PA, 2003. 

(11) Pethig, R. Biomicrofluidics 2010, 4, 022811. 

(12) Ma, F.; Wang, S.; Wu, D. T.; Wu, N. Proceedings of the National Academy of 
Sciences 2015, 112, 6307. 



 

124 
 

(13) Yang, X.; Wu, N. Langmuir 2018, 34, 952. 

(14) Gangwal, S.; Cayre, O. J.; Bazant, M. Z.; Velev, O. D. Phys Rev Lett 2008, 100, 
058302. 

(15) Suzuki, R.; Jiang, H.-R.; Sano, M. arXiv preprint arXiv:1104.5607 2011. 

(16) Yan, J.; Han, M.; Zhang, J.; Xu, C.; Luijten, E.; Granick, S. Nat Mater 2016, 15, 
1095. 

(17) Storey, B. D.; Edwards, L. R.; Kilic, M. S.; Bazant, M. Z. Physical review E 2008, 
77, 036317. 

(18) García-Sánchez, P.; Ramos, A.; González, A.; Green, N. G.; Morgan, H. Langmuir 
2009, 25, 4988. 

(19) Boymelgreen, A.; Yossifon, G.; Miloh, T. Langmuir 2016, 32, 9540. 

(20) Wang, S.; Ma, F.; Zhao, H.; Wu, N. ACS applied materials & interfaces 2014, 6, 
4560. 

(21) Howse, J. R.; Jones, R. A.; Ryan, A. J.; Gough, T.; Vafabakhsh, R.; Golestanian, 
R. Phys Rev Lett 2007, 99, 048102. 

(22) García-Sánchez, P.; Ren, Y.; Arcenegui, J. J.; Morgan, H.; Ramos, A. Langmuir 
2012, 28, 13861. 

(23) Squires, T. M.; Bazant, M. Z. Journal of Fluid Mechanics 2004, 509, 217. 

(24) Woehl, T. J.; Chen, B. J.; Heatley, K. L.; Talken, N. H.; Bukosky, S. C.; Dutcher, 
C. S.; Ristenpart, W. D. Physical Review X 2015, 5. 

(25) Ristenpart, W.; Aksay, I.; Saville, D. Journal of Fluid Mechanics 2007, 575, 83. 

(26) Gong, J., Colorado School of Mines, 2018. 

(27) Beltramo, P. J.; Furst, E. M. ELECTROPHORESIS 2013, 34, 1000. 

(28) Ristenpart, W. D.; Aksay, I. A.; Saville, D. A. Journal of Fluid Mechanics 2007, 
575, 83. 

 



 

125 
 

CHAPTER 5 

SUMMARY AND OUTLOOK 

5.1 Summary 

Particles under an AC electric field can assemble into a variety of complex structures and 

exhibit tunable locomotion. Electrohydrodynamic (EHD) flow around a spherical particle is 

essential to understand the assembly and propulsion behaviors of both isotropic and asymmetric 

particles. Although they possess very similar physical properties such as size, zeta potential, and 

dielectric constant, silica microspheres form two-dimensional close-packed hexagonal crystals 

under an AC electric field that is applied perpendicularly to the conducting substrate while 

polystyrene spheres are separated and repel each other in DI water. To explain this phenomenon, 

we incorporated both the low-frequency dielectric dispersion (LFDD) model and Stern-layer 

conduction in the calculation of the EHD flow around a dielectric spherical particle and compared 

the theoretic predictions with experimental measurements. The LFDD model allowed us to 

correctly capture the dynamic polarization of particles at low frequencies, a critical component to 

quantitatively predict both the direction and magnitude of EHD flow. The incorporation of Stern-

layer conductance helped to resolve the puzzle that EHD flow surrounding a particle with relatively 

low zeta potential can be extensile, as observed in our experiments. With both components 

included in our model, we systematically examined the impacts of frequency, zeta potential, Stern-

layer conductance, salt concentration, and particle size on the direction and magnitude of EHD 

flow. We found that high zeta potential, low salt centration, and small particle diameter all lead to 

an extensile hydrodynamic flow because they effectively increase the surface conductivity of 

particles, making them more polarizable than the medium. On the experimental side, we 

demonstrated that different assembly behaviors of polystyrene and silica spheres originate from 



 

126 
 

the opposite directions of EHD flow surrounding these particles. The EHD velocities were 

measured quantitatively by using nanoparticle tracers and the Stern-layer conductivity of 

polystyrene spheres was also measured by using a quadrupolar electrode setup. We compared the 

calculation of EHD flow velocities with experimental measurement and they matched well in terms 

of magnitude. Moreover, when we applied a scaling law to the propulsion speed of asymmetric 

dimers, it also matched well with experiments.  

With the enhanced understanding of EHD flow around a single sphere, we further 

investigated the propulsion and active assembly of polystyrene dimers under low-frequency AC 

electric fields. As demonstrated in biological systems, breaking the symmetry of surrounding 

hydrodynamic flow is the key to achieve autonomous locomotion of microscopic objects. In recent 

years, a variety of synthetic motors have been developed based on different propulsion 

mechanisms. Most work, however, focuses on the propulsion of individual motors. Here, we 

studied the collective behaviors of colloidal dimers actuated by a perpendicularly applied AC 

electric field, which controls of the EHD flow at the sub-particle level. Although these motors 

experienced strong dipolar repulsion from each other and were highly active, surprisingly, they 

assembled into a family of planar clusters with handedness. We showed that this type of unusual 

structure arises from the contractile hydrodynamic flow around small lobes but extensile flow 

around the large lobes. We further revealed that the collective behavior, assembled structure, and 

assembly dynamics of these motors all depend on the specific directions of EHD flow surrounding 

each lobe of the dimers. By fine-tuning the surface charge asymmetry on particles and salt 

concentration in solution, we demonstrated the ability to control their collective behaviors on 

demand. This novel type of active assembly via hydrodynamic interactions has the potential to 
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grow monodisperse clusters in a self-limiting fashion. The underlying concept revealed in this 

work should also apply to other types of active and asymmetric colloids. 

After studying the behaviors of particles under low-frequency electric fields, we focused 

on their motion in the high frequency regime (~100 kHz-MHz), which is much larger than the 

inverse of RC charging time of the particle but less than or similar to that of the charge relaxation 

time of the electric double layer near an electrode. In particular, we found that polystyrene-gold 

Janus spheres reversed their propulsion near both conductive and insulating substrates. We further 

investigated the impact of combined geometric and interfacial anisotropy on the propulsion of 

polystyrene-platinum dimers. We observed that their propulsion reversal is closely tied with the 

orientation change of the particles, indicating the significance of particle dipoles. More 

importantly, we found that polystyrene-silica dimers can also propel at an elevated height under 

the same high-frequency regime. Using nano-tracers to track the flow, we proposed an 

electrohydrodynamic-flow based mechanism which can explain both particle propulsion and 

elevation. This new propulsion mechanism greatly expands the availability of active motors and 

may inspire smart design of active matters. 

5.2 Outlook 

My PhD research has focused on understanding the fundamentals of out-of-equilibrium 

behavior of anisotropic particles under AC electric fields. The dynamic response of them is 

primarily mediated by the particle-particle, particle-medium, and particle-substrate interactions. 

By decoding these interactions and integrating them with rationally engineered anisotropic 

properties on particles, future active matter and smart functional materials will be incrementally 

mimicking and ultimately rivaling the natural counterparts. In the following, several aspects of the 

outlook in formulating synthetic and active matter will be envisioned. 
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5.2.1 Assembly of anisotropic particles at high frequencies 

Particles with different types of anisotropic properties exhibit extra dimensions in the 

parameter space for exploring more delicate interactions comparing with the conventional 

isotropic particles, and therefore building more sophisticated functional materials. A number of 

studies have demonstrated that under electric fields anisotropic particles can assemble into exotic 

architectures beyond the capability of spherical particles, to name a few, 3D chiral clusters1, zig-

zag chains and double chains2, optically and mechanically responsive thin films3. However, these 

studies are either carried out in the low-frequency regime (~1000 Hz) or with particles of simple 

geometry. As discussed in Chapter 4, individual anisotropic particles, metallo-dielectric or purely 

dielectric, can propel in the high-frequency regime when it is isolated. When the anisotropic 

particles are close to each other, their collective behaviors can be interesting and potentially 

produce fascinating structures. 

Zhang and Granick4 studied the assembly between gold-coated Janus spheres and single 

silica spheres under a vertically applied AC electric field at 300 kHz. They observed that chiral 

spirals can be formed and these spirals rotate around the central silica sphere depending on spirals’ 

chirality. The dipolar attraction between the silica sphere and the metal patch of the Janus sphere 

was ascribed as the source of the spiral formation, and the rotation was due to the induced charge 

electro-osmosis (ICEO). In the preliminary experiments on the assembly of geometrically and 

interfacially asymmetric polystyrene-platinum (PS-Pt) dimers, we found chaining between 

particles, as shown in Figure 5.1. Specifically, the Pt lobe of one dimer is attracted toward the PS 

lobe of a neighboring dimer. Furthermore, one chain of PS-Pt dimers can interact with another to 

form alternating double chains. In some cases, interestingly, the end dimer of one chain attaches 

to the head dimer to form a closed loop. At high frequencies, the PS lobe has a negative dipole 
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while the platinum lobe possesses a positive dipole. The specific dipolar interactions, i.e., repulsion 

between PS (or Pt) lobes from different dimers and attraction between PS and platinum lobes, 

impart the PS-Pt dimer a locally regulated assembly and rich dynamic behaviors. By rationally 

tailoring the aspect ratio between PS and platinum lobes, intriguing and uniformly assembled 

structures can be expected when we systematically explore different electric field conditions.  

 
 

Figure 5.1. Assembled structures of PS-Pt dimers at high frequencies. (a-e) 500 kHz, (f) 5 MHz. 
Scale bar: 10 μm. 

 
Colloids are analogous to atoms and molecules, and recently there have been emerging 

interests within colloidal science and physics community on superlattices formed by mixtures of 

particles. For example, it has been demonstrated that binary mixtures of colloidal spheres with 

selected size ratios can co-crystallize into AB, AB2, AB5 or AB13 colloidal crystals5. For the sake 

of scalability and efficiency, electric field has been widely applied to study the crystallization and 

assembly of particles. For example, van Blaaderen et. al.6 showed that a binary mixture of small 
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and large silica spheres can assemble into a NaCl-like structure under AC electric fields, and a 

mixture of oppositely charged colloids can produce banded crystals when subjected to a very low 

frequency (~0.01 - 4 Hz) electric field7. Heatley et al.8 showed that a binary mixture of polystyrene 

spheres of different size ratios formed a family of colloidal oligomers due to dipolar interactions. 

Spheres of the same composition resemble atoms in many ways, but to better mimic the physics 

of crystallization of atoms and molecules, a high level of complexities is desired. The binary 

mixture of polystyrene and silica spheres appears to be a promising system since they intrinsically 

possess opposite dipoles at high frequencies and serve as a better analog to mimic polar molecules 

such as HF and H2O.In Chapter 4, we demonstrated that the PS-silica dimer can propel under a 

perpendicularly applied high frequency AC electric field due to unbalanced hydrodynamic flow 

around each lobe. During this study, we observed that one PS sphere and one silica sphere can 

assemble into a PS-silica dimer that becomes motile, as shown in Figure 5.2. The PS-SiO2 dimer 

can further attract another silica sphere to form a silica-PS-silica trimer, and so forth. Also, we 

observed that PS-SiO2 dimers can form a train of dimer by chaining with the other dimers or form 

a center symmetric diamond cluster (Figure 5.2c). These assembly behaviors are presumably due 

to the combination of dipolar and electrohydrodynamic interactions. 

One of the challenges confronting wide application of colloidal assembly, especially 

colloidal oligomers, is to harvest them. One appealing strategy is to fix the assembled structures, 

either by physical linkage or chemical bonds. Polymers such as polyvinylpyrrolidone when 

mixing with the colloid suspension, can be energetically driven to coat on the particle surfaces9. 

When these particles form ordered structures under external fields, the polymer chains adsorbed 

on neighboring particles will entangle with each other so that the structure can be fixed and 

remain intact even when the external field is removed. Similarly, various types of surface 



 

131 
 

conjugation or click chemistry can be utilized to fix the oligomers. For example, DNA molecules 

has been grafted on gold nanocrystals to form pyramidal and chiral oligomers10.  

 

Figure 5.2. Assembly of PS-SiO2 dimers under high-frequency electric fields in the parallel-
electrode setup. The PS lobe shows a darker edge due to larger refractive index mismatch to the 
solvent (water). (a) The dimers assemble at 100 kHz and 10 Vpp. (b) Individual PS and SiO2 
spheres assemble at 100 kHz and 10 Vpp. (c) PS-SiO2 dimers assemble at 500 kHz and 15 Vpp. 

5.2.2 Active motion of anisotropic particles 

The electrokinetic motion of colloidal particles and molecules in a liquid medium, since 

Smoluchowski’s seminal work in 1916 11, is still an ongoing subject in spite of several ups and 

downs. The classical theory of electrophoresis, U = bE in the simplified case, makes several key 
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assumptions: (1) non-polarizable, (2) spherical, (3) uniformly charged, (4) rigid, (5) particle size 

is much larger than the thickness of Debye layer, (6) in an unbounded fluid, and subjected to (7) a 

uniform and weak field (<kBT/e ~ 25 mV) across the particle in (9) dilute electrolytes. The 

nonlinear electrokinetics, especially when a few of these assumptions are relaxed, have shown 

very rich phenomena and many of the underlying mechanisms are still elusive. For example, the 

response of a non-spherical colloid with comparable or smaller size than the electrical double layer 

near the wall, as we discussed in precious chapters, is still quite complex.  

Figure 5.3 Frequency dependence of the propulsion speed of PS-SiO2 dimers under a low-
frequency AC electric field on a coplanar-electrode setup. The dimer consists of 2 µm PS 
(darker) and 2 µm silica (lighter) spheres. 

 
Among many ways of engineering particles to transduce energy, anisotropic particles made 

from bottom-up methods have been widely studied. In addition to the quest of underlying 

mechanisms of high-frequency propulsion of asymmetric particles discussed in Chapter 4, we 

recently observed that an asymmetric polystyrene-silica dimer can propel under low-frequency AC 

electric fields in the coplanar-electrode setup as well (Figure 5.3). In particular, the PS-SiO2 dimer 
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translates with its PS lobe leading along the field direction. The propulsion velocity seems to 

negatively correlate with frequency, and the motion stops at ~10 kHz. This novel observation 

seems not consistent with either the electrohydrodynamic flow theory of the dielectric particle or 

the induced-charge electroosmosis. Because the former requires a conductive substrate underneath 

the particle while the latter entails a polarizable surface on the particles. Neither is true in this case. 

Therefore, it is worthwhile to further investigate the driving mechanism behind.  

Boymelgreen et al.12 recently reported that PS-Au Janus particle can capture and transport 

cargo particles due to dipolar attraction between the Au hemisphere and cargo particles under a 

high-frequency electric field. This method relies on the metal surface of the Janus particle, limiting 

to only cargoes with negative electric polarizability. Our finding that dielectric spheres, at high 

frequencies, can be assembled in situ into active motors offers a promising platform for truly label-

free cargo transport. A simple design strategy will be: for any given cargo, one can easily find a 

simple spherical particle with opposite dipole at the high frequency regime. One can then utilize 

this particle to bind cargo due to dipolar attraction and the resulting assembly automatically 

becomes an active motor. For example, a 2 µm silica sphere has negative polarizability in the 

frequency regime ~100 Hz - ~100 kHz. When we add Dynabeads which possess positive dipoles 

in the same frequency regime, the Dynabeads will capture the silica particles to form Dynabead-

silica motors, which can move under the same electric field and directed by using a magnetic field. 

Aside from the bottom-up engineered particles, using semiconductor diodes is another 

auspicious direction that takes advantage of the current semiconductor processing technology. The 

propulsion of semiconductor diodes has been demonstrated under external AC electric fields. For 

example, Wang et al.13 demonstrated that polypyrrole–cadmium and cadmium selenide–gold– 

cadmium selenide Schottky barrier diode nanowires can propel under AC electrical fields in a 
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coplanar-electrode setup at 18 Hz. Ohiri et al.14 studied the propulsion and assembly of silicon-

based diodes under AC electric fields and found that the motion of the diode particles can be 

selectively powered on. Considering the physics of the propulsion, a photodiode may be ideal to 

mimic the natural motile microorganisms which harvest energy from light and can be truly fuel-

free. For example, when a beam of light shines on a p-n junction of photodiode, electron-hole pairs 

are split, and a potential difference is created between two ends, which will drive ions in the 

surrounding medium carrying an electro-osmotic flow. By modulating the on-off frequency of the 

light, the photodiode will translate accordingly. 

To successfully translate the fundamental research into practical applications, the 

navigation of motors under electric fields needs to be addressed. Because the motion of active 

motors in electric fields either depends on the orientation of the particle or the applied field 

direction, controlling the directions of navigating motors in complex environments is hard. The 

electrodes, unlike other transducers, rely on physical contact with the media and are immobile 

once manufactured. Therefore, we envision that in vitro applications are more appropriate than in 

vivo. In addition, electric field can be combined with other external fields, such as magnetic or 

optical fields in microfluidic devices, to achieve controlled navigation of the motors.  
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