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ABSTRACT 

Surface charge is an important property of particles. It has been utilized to separate particles in 

microfluidic devices, where dielectrophoresis (DEP) is often the driving force. However, current 

DEP-based particle separations based on charge difference work only for particles of similar sizes. 

They become less effective and may even fail for a mixture of particles differing in both the charge 

and size. We demonstrate that our recently developed AC insulator-based dielectrophoresis (AC 

iDEP) technique can direct microparticles toward charge-dependent equilibrium positions in a 

ratchet microchannel. Such charge-based particle separation is controlled by the imposed AC 

voltage frequency and amplitude, but nearly unaffected by the size of either type of particle in the 

mixture except for the time required to achieve an effective separation. This AC iDEP technique 

may potentially be used to focus and separate submicron or even nanoparticles because of its 

virtually “infinite” channel length.    
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INTRODUCTION 

The separation of target particles (either biological cells or non-biological beads) from a mixture 

is often a necessary step prior to analysis for chemical, environmental and biomedical 

applications.1-3 It has been increasingly implemented in microfluidic devices since late 1990s 

because of the advantages over their benchtop counterparts.4-7 The force(s) that drives the particle 

separation in these devices can be externally imposed and/or internally induced.8-11 The former 

type of active methods relies on the electric,12,13 acoustic,14,15 or magnetic16,17 field-driven phoretic 

motion to manipulate particles to different flow paths. The latter type of passive methods exploits 

the flow-induced migration to direct particles to different equilibrium positions.18-23 Integrating 

multiple separation methods of either of these two types into one microfluidic device has been 

demonstrated to further improve the separation metrics.24-26 Many of these single- or multi-mode 

microfluidic separations are label free and based on the difference in the intrinsic properties of 

particles such as size and shape.27-30   

Surface charge is another intrinsic property of particles.31,32 It affects the interaction among 

particles and hence the stability of particle suspension.33,34 It also affects the force between 

particles and the charged walls of the container, and hence the adsorption onto these walls.35,36 

Surface charge has been utilized to separate particles, where electric field must be involved and 

the separation has been demonstrated in both a batch process and a continuous flow. The batchwise 

separation takes place along the axis of time including capillary electrophoresis37 and electrical 

field flow fractionation,38 where particles of dissimilar charges are eluted out of the column at 

different times. The Lapizco-Encinas group has recently developed another batchwise separation 

based on the difference in particle charge, which arises from the competition of dielectrophoresis 

(DEP) and charge-dependent electrophoresis of particles around insulating posts.39,40 This group 
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later reported that the consideration of nonlinear electrophoresis enables an accurate modeling of 

particle migration and retention in insulator-based electrokinetic systems under both DC41 and DC-

biased AC electric fields.42   

Several continuous-flow methods have also been presented for the separation of particles by 

charge along the axis of space. Free-flow electrophoresis is one such method, where a transverse 

electric field is imposed upon a pressure-driven flow to divide the particles into different lanes 

based on their electrophoretic velocities.43 In another continuous method, a bidirectional pressure 

and electric field-driven flow can be tuned to selectively trap particles with a specific charge into 

the recirculating zone in a converging-diverging microchannel.44 DEP has also been demonstrated 

for charge-based particle separation in a continuous flow. Our group utilized the wall-induced 

DEP-like lift force to separate particles and cells with similar sizes by charge in a DC electric field-

driven electroosmotic flow through a  -shaped microchannel.45 We also achieved a continuous-

flow separation of particles by charge both inside the reservoir of a straight microchannel via 

reservoir-based DEP46 and in a double-spiral microchannel via curvature induced DEP.47 In a later 

paper, Lentz et al.48 proposed the use of low-frequency cyclical electric potentials to switch 

between trapping and streaming DEP for a continuous charge-based particle separation. In another 

paper, Calero et al.49 reported a charge-based separation of microparticles in a deterministic lateral 

displacement separation device with imposed DC and AC electric fields orthogonal to the fluid 

flow. 

All existing DEP-based separations by particle charge work only for particles of equal or similar 

sizes. They become less effective and may even fail when the size of one type of particle in the 

mixture is unfavorably larger (or smaller) because of the strong dependence of DEP on the particle 

volume.50,51 In our recent paper, we have developed an AC insulator-based dielectrophoresis (AC 
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iDEP) technique that sacrifices time to gain a virtually “infinite” channel length for particle and 

cell focusing along the centerline of a ratchet microchannel.52 We demonstrate in this work that 

AC iDEP can direct particles toward charge-dependent equilibrium positions, either along the 

channel centerline or at the base of ratchets, regardless of their sizes. Such charge-based particle 

separation is dependent on the imposed AC voltage frequency and amplitude. We also propose a 

theory to explain the mechanism and develop a numerical model to simulate the process of this 

AC iDEP focusing and separation of particles.  

 

MATERIALS AND METHODS 

Experimental Setup 

Figure 1a shows a picture of the microchannel, which was fabricated in polydimethylsiloxane 

(PDMS) using the standard soft-lithography technique.53 The channel is 8 mm long between the 

two end-channel reservoirs with a uniform depth of 35 µm. It comprises along each sidewall an 

array of 20 triangular ratchets with a spatial period of 250 µm. The widest part of the channel is 

500 µm, and the narrowest part at the throat formed by the opposing ratchet tips is 100 µm. Plain 

(Sigma-Aldrich) and fluorescent (Bangs Laboratories) 5 µm-diameter polystyrene particles, 

hereafter referred to as Sigma and Bangs particles, respectively, were each re-suspended into 0.25 

mM phosphate buffer solution for the investigation of AC iDEP focusing. They were also mixed 

in 0.25 mM phosphate buffer for the demonstration of AC iDEP separation of particles by charge. 

In addition, 10 µm-diameter Sigma (plain) and Bangs (fluorescent) particles were mixed with 5 

µm-diameter Bangs (fluorescent) and Sigma (plain) particles, respectively, to examine the role of 

particle size in charge-based AC iDEP separation. The particle concentration was kept at 106−107 

particles per ml. To prevent the adhesion of particles to the channel walls and the aggregation of 
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particles, Tween 20 (Fisher Scientific) was added to each prepared particle solution at a 

concentration of 0.5% (in volume) followed by an agitation in a vortex mixer (Fisher Scientific).  

Prior to experiment, the liquid heights in the two end-channel reservoirs were balanced to 

minimize the influence of pressure-driven fluid flow on particle motion. A function generator 

(Agilent Technologies) along with a high-voltage amplifier (Trek) was used to supply square-wave 

AC voltages across the ratchet microchannel with varying frequencies and amplitudes. The 

imposed root-mean-square AC voltage was kept no more than 400 V (the corresponding electric 

field is 500 V/cm on average) in all tests, under which Joule heating and other nonlinear 

electrokinetic effects have been found insignificant in our previous studies.54-56 The motion of 

particles was recorded in the middle of the channel using a CCD Camera (Nikon DSQi1Mc) 

connected to an inverted microscope (Nikon Eclipse TE2000U, Nikon Instruments). The obtained 

digital images were post-processed using the Nikon imaging software (NIS-Elements AR 2.30). 

The Image J software (National Institute of Health) was used to obtain the probability density 

function (PDF) of particles across the channel width. The electrokinetic mobility of particles was 

determined from the electrokinetic velocity, which was measured using the particle tracking 

velocimetry.57,58 Briefly, we tracked 3-5 individual particles traveling along the centerline of a 

straight rectangular microchannel, where DEP vanishes, under 50, 100 and 200 V/cm. The 

electrokinetic velocity of each particle for each applied electric field was determined by dividing 

its traveling distance with the time duration. The electrokinetic mobility was then obtained from 

the slope of the average electrokinetic velocity for all particles vs. electric field.     
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Figure 1. AC iDEP focusing and separation of particles in a ratchet microchannel: (a) Picture of a 

fabricated microchannel (filled with food dye for clarity) with the inset highlighting the dimensions 

of the ratchets; (b) Illustration of the particle focusing and separation mechanisms, where the 

nonuniform electric field (see the contour of electric field strength around the ratchets, the darker 

color the larger magnitude) induced dielectrophoretic force, 𝐅𝐷𝐸𝑃, produces both a stream-wise 

particle motion, 𝑈𝐷𝐸𝑃,𝑠 and a cross-stream particle motion, 𝑈𝐷𝐸𝑃,𝑛. The combination of 𝑈𝐷𝐸𝑃,𝑠 and 

the streamwise electrokinetic particle velocity, 𝑈𝐸𝐾, determines how far a particle can travel within 

one half period of the AC voltage application. 𝑈𝐷𝐸𝑃,𝑛 directs a faster-moving particle (which can 

travel through the throat formed by the opposing ratchet tips) toward the channel center and a 

slower-moving particle (which remains within the wider region of the channel) toward the base of 

ratchets for simultaneous focusing and separation. The background lines show the electric field 

lines or equivalently the fluid streamlines.  

  

Theoretical Analysis 

The schematic in Figure 1b illustrates the mechanisms for AC iDEP focusing and separation of 

particles in a ratchet microchannel. The nonuniform electric field induced by the insulating ratchets 

(see the contour of electric field strength in Figure 1b, the darker color the larger magnitude) 

produces a dielectrophoretic force, 𝐅𝐷𝐸𝑃, which for a spherical particle is given by,59 

 𝐅𝐷𝐸𝑃 =
1

4
𝜋𝑑3𝜀Re{𝑓𝐶𝑀}∇𝐄2

  (1) 

where 𝑑 is the particle diameter, 𝜀 is the fluid permittivity, Re{𝑓𝐶𝑀} denotes the real part of the 

complex Clausius-Mossotti factor, and 𝐄 is the root-mean-square electric field. For low-frequency 

AC electric fields (<100 kHz),60 Re{𝑓𝐶𝑀} = (𝜎𝑝 − 𝜎𝑓) (𝜎𝑝 + 2𝜎𝑓)⁄  with 𝜎𝑝  and 𝜎𝑓  being the 

electric conductivity values of the particle and fluid, respectively. Therefore, the dielectrophoretic 
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force directs the particle with 𝜎𝑝 − 𝜎𝑓 < 0 towards the lower electric field region (i.e., negative 

DEP) and the one with  𝜎𝑝 − 𝜎𝑓 > 0 towards the higher electric field region (i.e., positive DEP). 

Polystyrene microparticles used in this work experience negative DEP regardless of their size or 

charge, whose velocity, 𝐔𝐷𝐸𝑃, can be broken down in the streamline coordinates,16,61  

 𝐔𝐷𝐸𝑃 = 𝜇𝐷𝐸𝑃∇𝐄2 = 𝑈𝐷𝐸𝑃,𝑠𝐬 + 𝑈𝐷𝐸𝑃,𝑛𝐧̂ = 𝜇𝐷𝐸𝑃 (
𝜕𝐄2

𝜕𝑠
𝐬 + 2

𝐄2

ℜ
𝐧̂)     (2) 

 𝜇𝐷𝐸𝑃 =
𝑑2𝜀

12𝜂
Re{𝑓𝐶𝑀}     (3) 

In the above, 𝜇𝐷𝐸𝑃  is the dielectrophoretic mobility, 𝑈𝐷𝐸𝑃,𝑠  is the streamwise component of 

dielectrophoretic velocity with 𝐬 being the unit vector in the streamline direction, 𝑈𝐷𝐸𝑃,𝑛 is the 

cross-stream component with 𝐧̂ being the unit vector in the normal-line direction, ℜ is the radius 

of curvature of the streamline (equivalent to the electric field line62), and 𝜂 is the fluid viscosity.   

As viewed from the particle velocity analysis in Figure 1b, 𝑈𝐷𝐸𝑃,𝑛  competes with the 

streamwise particle velocity, which is a summation of 𝑈𝐷𝐸𝑃,𝑠 and the electrokinetic velocity, 𝑈𝐸𝐾, 

leading to a cross-stream focusing effect on particles. The equilibrium position, however, depends 

on if a particle can travel through the throat between the opposing ratchet tips, where the electric 

field reaches the local minimum at the channel center due to symmetry, in each (time) period of 

the AC voltage. Specifically, the particle that completes (at least) one half spatial period of the 

ratchets within one half (time) period of the AC voltage can pass through the throat and is hence 

directed toward the center of the channel (see the velocity analysis for the particle near the throat 

in Figure 1b). This AC iDEP centerline focusing of particles has been demonstrated in our previous 

paper.52 In contrast, the particle that travels less than one half spatial period of the ratchets within 

one half period of the AC voltage remains in the wider region of the channel at any time and is 

eventually directed toward the base of the closest ratchet (see the velocity analysis for the particle 
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near the ratchet base in Figure 1b), where the local electric field attains the lowest value (see the 

electric field contour in Figure 1b). Such AC iDEP baseline focusing was not recognized in our 

previous study.52  

The critical condition that divides the above AC iDEP centerline and baseline particle focusing 

can thus be approximately estimated from,  

 
𝑈𝐸𝐾

𝑓
=

𝜇𝐸𝐾𝐸

𝑓
= 𝑇    (4) 

if the contribution of 𝑈𝐷𝐸𝑃,𝑠 is assumed small compared to that of 𝑈𝐸𝐾 in the streamwise particle 

velocity. In the above, 𝑈𝐸𝐾 = 𝜇𝐸𝐾𝐸  with 𝜇𝐸𝐾 > 0  being the electrokinetic mobility, 𝑓  is the 

frequency of the AC voltage, and 𝑇 is the spatial period of the ratchets. Specifically, 𝑈𝐸𝐾 𝑓⁄ > 𝑇 

leads to centerline focusing while 𝑈𝐸𝐾 𝑓⁄ < 𝑇 leads to baseline focusing. As 𝑇 is fixed in a ratchet 

channel, eq 4 indicates that 𝜇𝐸𝐾 = 𝜀(𝜁𝑝 − 𝜁𝑤) 𝜂⁄ , where 𝜁𝑝 and 𝜁𝑤 are the particle and wall zeta 

potentials,31 𝐸 and 𝑓 can be tuned either individually or mutually to alter the AC iDEP focusing 

position. Moreover, as 𝜇𝐸𝐾 is independent of the size of a particle unless the particle has a close 

fit to the channel63,64 or experiences nonlinear electrophoresis,65,66 particle size is not expected to 

be a factor affecting the equilibrium position of AC iDEP focusing. Therefore, by tuning 𝐸 and 𝑓 

of the AC electric field, a particle with a larger value of 𝜇𝐸𝐾 can achieve a centerline focusing 

while one with a smaller value of 𝜇𝐸𝐾 instead experiences a baseline focusing, yielding a charge-

based AC iDEP separation in the ratchet microchannel. The particle parameters, i.e., 𝜇𝐸𝐾  and 

particle size, and as well the AC electric field parameters, i.e., 𝐸 and 𝑓, will all be experimentally 

studied to understand their effects on AC iDEP focusing and separation of particles. These effects 

will also be numerically investigated to further validate the theory developed above. 
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Numerical Simulation 

A 2D numerical model was developed in the COMSOL Multiphysics® software to simulate the 

AC iDEP focusing and separation of particles in a ratchet microchannel. It solves only the Laplace 

equation in the fluid domain to obtain the electric field distribution, which is then used in the 

“Particle Tracing” module to compute the particle velocity,52 𝐔𝑃, via, 

 𝐔𝑃 = 𝐔𝐸𝐾 + 𝜆𝐔𝐷𝐸𝑃 = 𝜇𝐸𝐾 𝐄 + 𝜆𝜇𝐷𝐸𝑃∇𝐄2  (5) 

Here, 𝜆 is the correction factor introduced by our group61 for the particle size effect on DEP 

because the formula for the dielectrophoretic force in eq 1 and in turn that for the dielectrophoretic 

mobility, 𝜇𝐷𝐸𝑃 , in eq 3 are only valid for particles whose size is much smaller than the 

characteristic length of electric field variations. This condition breaks down near the ratchet tips 

and becomes more problematic for larger particles. We set the correction factor in the model to 

0.7 and 0.6 for 5- and 10 µm-diameter particles, respectively, regardless of the particle charge. The 

electrokinetic mobility, 𝜇𝐸𝐾 , was experimentally measured as 2.5×10−8 m2/(V·s) and 1.0×10−8 

m2/(V·s) for the Sigma and Bangs particles, respectively, each of which was found insensitive to 

the size of the particles under test. These two values were found consistent with the reported 

electrokinetic mobilities for similar particles in similar buffer solutions in the literature.46,47,67 The 

dielectrophoretic mobility, 𝜇𝐷𝐸𝑃 , was calculated from eq 3, where the fluid viscosity, 𝜂 , and 

permittivity, 𝜀, were each assumed equal to the value for water at room temperature. The fluid 

electric conductivity, 𝜎𝑓 , was experimentally measured as 55 µS/cm. The particle electric 

conductivity, 𝜎𝑝, was calculated from 𝜎𝑝 = 4𝜎𝑠 𝑑⁄  with 𝜎𝑠 = 1 nS being the suggested surface 

conductance for polystyrene microparticles.68 It is important to note that this method fails to 

calculate the electric conductivity of submicron and nanoparticles, which depends on both the 
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surface charge and size of the particles.69 Our model considered 150 particles that were initially 

distributed within the middle four ratchets of the channel using a built-in random number generator.  

 

RESULTS AND DISCUSSION 

AC Voltage Frequency-Tuned Particle Focusing Position  

Figure 2a shows the snapshot images of 5 μm Sigma particles taken at different time instants in 

the middle of the ratchet microchannel under 200 V AC voltage (i.e., 250 V/cm AC electric field 

on average) of 0.5 Hz frequency. Particles are randomly dispersed within the channel at the initial 

time step when the AC voltage is off. They start traveling back and forth through the ratchets while 

being pushed away from the ratchet tips by negative DEP once the AC voltage is turned on. This 

AC iDEP centerline focusing effect grows over time, which is properly simulated by the 2D 

numerical model (see Figure 2a). The experimentally and numerically obtained PDF plots for 

particles in Figure 2b also demonstrate the increasing AC iDEP centerline focusing over the time 

of AC voltage application. In contrast, when the AC voltage frequency is increased to 2 Hz while 

its amplitude remains unvaried, particles are no longer able to pass through any throat between the 

opposing ratchet tips within one period of the AC voltage and hence migrate toward the base of 

the ratchets because of the action of negative DEP. This AC iDEP baseline focusing of particles 

also increases over time as evidenced by the experimental and numerical images in Figure 2c as 

well as the experimental and numerical PDF plots in Figure 2d.  
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Figure 2. Frequency-tuned AC iDEP focusing of 5 µm-diameter Sigma particles under 200 V AC 

voltage: comparison of the experimental (upper row) and numerical (lower row) images obtained 

at different time instants for 0.5 Hz (a) and 2.0 Hz (c) AC voltages; comparison of the experimental 

(symbols) and numerical (lines) particle PDF plots obtained at different time instants for 0.5 Hz 

(b) and 2.0 Hz (d) AC voltages. 

 

We note that such AC voltage frequency-tuned particle focusing positions in Figure 2 are 

consistent with the critical condition in eq 4. Specifically, considering the electrokinetic velocity 

of Sigma particles under 250 V/cm, 𝑈𝐸𝐾 = 𝜇𝐸𝐾𝐸 = 0.63 mm/s, we get 𝑈𝐸𝐾 𝑓⁄ = 1.3 mm and 

0.31 mm for 0.5 and 2 Hz AC voltages, respectively. The former distance satisfies 𝑈𝐸𝐾 𝑓⁄ > 𝑇, 

where 𝑇 = 0.25 mm is the spatial period of the ratchets in our microchannel (see Figure 1a), 

leading to AC iDEP centerline focusing of particles (Figures 2a and 2b). Our recent study52 

indicates that the value of 𝑈𝐸𝐾 𝑓⁄  should be about four times larger than that of 𝑇 in order that 

even those Sigma particles that travel adjacent to either channel sidewall (at a slower 𝑈𝐸𝐾 with a 
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longer traveling distance) can pass through the throat of the channel within one half period of the 

AC voltage application. That observation is again consistent with the values obtained here. The 

particle traveling distance 𝑈𝐸𝐾 𝑓⁄ = 0.31 mm for 2 Hz AC voltage is roughly equal to the ratchet 

period, which, however, can become smaller than that if the contribution of negative 𝑈𝐷𝐸𝑃,𝑠 to the 

streamwise particle velocity is considered in eq 4. The result of this consideration is the AC iDEP 

baseline focusing of particles (Figures 2c and 2d). 

  

Electrokinetic Velocity-Dependent Particle Focusing Position  

Figure 3 compares the experimental images of 5 µm Sigma and 5 µm Bangs particles, respectively, 

which were all taken 60 s after the application of AC voltage with varying frequencies and 

amplitudes. Two trends are observed for each type of particle in Figure 3: one is that with the 

increasing frequency of AC voltage of any amplitude, the particle focusing position shifts from 

the channel centerline, if available, to the base of the ratchets and/or the baseline focusing gets 

improved. This trend for Bangs particles can be explained using the same mechanism as that for 

Sigma particle in the preceding section, i.e., the decreased particle travel distance within one half 

period of a higher-frequency AC voltage. The other trend is that with the increase of AC voltage 

amplitude from 100 to 300 V, the particle focusing position shifts from the ratchet base to channel 

centerline for Sigma particles at the higher frequencies (see 1.0 Hz) and Bangs particles at the 

lower frequencies (see 0.1 Hz). This trend is caused by the increased particle travel distance within 

one half period of a higher-amplitude AC voltage. For the other cases, the AC iDEP centerline and 

baseline focusing effects become more pronounced for Sigma and Bangs particles, respectively, 

with the increase of AC voltage amplitude because of the resulting stronger DEP.  
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Figure 3. Experimental images of 5 µm-diameter Bangs (bright) and Sigma (dark) particles, 

respectively, in the ratchet microchannel 60 s after the application of AC voltages of varying 

frequencies and amplitudes. The dashed line box highlights the frequency and amplitude window, 

where Bangs and Sigma particles experience AC iDEP baseline and centerline focusing, 

respectively, and hence a charge-based separation is available.  

 

Another phenomenon that can be clearly seen from Figure 3 is the dissimilar AC iDEP focusing 

patterns for Sigma and Bangs particles. Our measured electrokinetic mobility values indicate that 

Sigma particles move faster than Bangs particles under the same AC voltage and carry less 

negative surface charges. As the surface charge and AC voltage amplitude together determine the 

electrokinetic particle velocity, the particle images in Figure 3 can be viewed to demonstrate the 

electrokinetic velocity-dependent AC iDEP focusing position. Moreover, there exist several 

combinations of AC voltage frequency and amplitude in Figure 3 (highlighted by the dashed-line 

box), under which Bangs and Sigma particles experience AC iDEP baseline and centerline 

focusing, respectively. In other words, these two types of particles can be physically separated 
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from each other based on the difference in surface charge if they are mixed in the ratchet 

microchannel subject to AC iDEP.  

  

Demonstration of Charge-based Particle Separation 

Figure 4 shows the experimental and numerical images for the AC iDEP separation of the mixture 

of 5 µm Sigma and 5 µm Bangs particles over time. The imposed AC voltage is 300 V with a 0.6 

Hz frequency. Both types of particles are randomly scattered throughout the ratchet microchannel 

at 0 s. After the AC voltage is turned on, the action of negative DEP directs the faster-moving 

Sigma particles toward the channel centerline and the slower-moving Bangs particles toward the 

ratchet base, respectively. These distinct migrations are each consistent with the observation of 

individual particles under the same AC voltage in Figure 3. They take place, as explained above, 

because Sigma particles can pass through the channel throat(s) within each period of the AC 

voltage application while Bangs particles do not. Such centerline and baseline focusing effects 

both grow over time, leading to an increased separation gap between the two types of particles. 

The time development of this charge-based particle separation is reasonably simulated by the 

numerical model (Figure 4, lower row). We counted the number of each type of particles from the 

sequential images in the ImageJ software and used the data to calculate the efficiency (defined as 

the number of target particles inside a specific zone over the total number of target particles) and 

purity (defined as the number of target particles inside a specific zone over the total number of 

particles inside the same zone). It is found that our separation can achieve over 90% efficiency and 

purity for both Sigma (in the zone around the channel centerline) and Bangs (in the zone near the 

ratchet base) particles.   
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Figure 4. Experimental (upper row) and numerical (lower row) images illustrating the time 

development of charge-based AC iDEP separation of 5 µm Sigma (dark) and Bangs (bright) 

particles under 300 V AC voltage of 0.6 Hz frequency. 

 

Effects of the AC Voltage Frequency and Amplitude 

Figure 5 compares the experimental images for the charge-based separation of 5 µm Sigma and 5 

µm Bangs particles over a range of AC voltage frequencies and amplitudes. Under a fixed AC 

voltage frequency of 0.6 Hz, Sigma particles form a compact stream along the channel centerline 

at 200 V and maintain this focusing state when the AC voltage amplitude is increased to 400 V. 

Meanwhile, Bangs particles still partially spread from the ratchet base to the channel centerline at 

200 V but experience an apparently improved baseline focusing with the increase of AC voltage 

amplitude because of the strengthened dielectrophoretic force (see eq 1). Similarly, under a fixed 

AC voltage amplitude of 300 V, Sigma particles exhibit a strong AC iDEP centerline focusing at 

0.2 Hz and can remain focused even when the AC voltage frequency is increased to 1 Hz. In 

contrast, Bangs particles undergo an enhanced AC iDEP baseline focusing with the increase of AC 

voltage frequency, which is consistent with the observation in Figure 3 because they are further 

confined to the wider region of the channel in a shortened period of a higher-frequency AC voltage. 

Therefore, our AC iDEP charge-based particle separation can be optimized by tuning the AC 

voltage frequency and/or amplitude.  
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Figure 5. Experimental images (taken 60 s after the AC voltage application) illustrating the effects 

of AC voltage frequency (labeled to the left of images at each row) and amplitude (labeled on top 

of the images at each column) on the charge-based AC iDEP separation of 5 µm-diameter Sigma 

(dark) and Bangs (bright) particles in the ratchet microchannel. 

 

Role of the Particle Size 

Figure 6 compares the experimental images over time for the mixture of 10 µm Sigma/5 µm Bangs 

particles, 5 µm Sigma/5 µm Bangs particles, and 5 µm Sigma/10 µm Bangs particles, respectively, 

in the ratchet microchannel under 300 V AC voltage of 1 Hz frequency. The charge-based AC 

iDEP separation of Sigma and Bangs particles is achieved in all cases regardless of their sizes. 

However, replacing 5 µm particles of either type in the mixture with 10 µm ones of the same type 

is seen from Figure 6 to significantly shorten the time required for particle separation. This 

accelerated AC iDEP separation is attributed to the greater dielectrophoretic mobility of a larger 

particle (see eq 3). Moreover, it is interesting to observe that increasing the size of the faster-

moving Sigma particle leads to an even quicker separation than increasing the size of the slower-

moving Bangs particles. Specifically, a complete AC iDEP separation of 10 µm Sigma and 5 µm 

Bangs particles takes only 5 s while that of 5 µm Sigma and 10 µm Bangs particles needs 20 s as 

compared to 40 s for the mixture of 5 µm Sigma and 5 µm Bangs particles. These numbers together 
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imply that the centerline focusing of Sigma particles is more difficult to implement than the 

baseline focusing of Bangs particles, and hence has a greater influence on the time development 

of AC iDEP separation. We attribute such a phenomenon to the higher requirement for centerline 

focusing, where every single particle, especially those that move slowly near the base of the ratchet, 

must pass through the throat of the channel within one period of AC voltage. In contrast, the AC 

iDEP baseline focusing requires that only those particles moving fast around the channel centerline 

be unable to travel through the throat.    

 

Figure 6. Experimental images illustrating the effect of particle size (labeled on top of each row 

of images) on the time (labeled on each image) development of AC iDEP separation of Sigma 

(dark) and Bangs (bright) particles under 300 V AC voltage of 1 Hz frequency. 

 

CONCLUSIONS 

We have demonstrated that our recently developed AC iDEP technique52 can direct a particle 

toward either the centerline or baseline of a ratchet microchannel. This switching of particle 

focusing position depends on if the particle can pass through the throat between the ratchet tips 

within one period of the AC voltage application. It is thus a function of the electrokinetic particle 
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velocity and AC voltage frequency as reflected by a proposed simple formula in eq. 4. We have 

utilized this electrokinetic velocity-dependent AC iDEP focusing technique to separate a mixture 

of equal-sized particles based on the difference in their charges. Such a separation can be optimized 

by tuning the AC voltage amplitude and/or frequency. It is, however, unaffected by the particle 

size except that increasing the size of either type of particle in the mixture significantly accelerates 

the separation process because of the enhanced dielectrophoretic motion. We have also developed 

a 2D numerical model, which is found to simulate the experimentally observed AC iDEP focusing 

and separation of particles with a reasonable agreement. It is admitted that our experimental matrix 

is relatively small with only two sizes of particles carrying two different surface charges. However, 

our experimental demonstration along with the theoretical analysis and numerical simulation 

together should be sufficient to justify the principle for the proposed AC iDEP particle focusing 

and separation technique. This technique is envisioned to find applications in the manipulation and 

analysis of submicron or even nanosized particles considering its practically “infinite” channel 

length, which will be our future work. We will also investigate in future work if this technique 

works for the separation of biological cells. 
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