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ABSTRACT 

Insulator-based dielectrophoresis (iDEP) has been increasingly used to focus, trap and separate 

particles and cells for various microfluidic applications in the fields of analytical chemistry, 

bioanalysis, cell biology and clinics etc. It exploits insulating structure(s) to create electric field 

gradients for dielectrophoretic manipulation of particles and cells in microchannels. However, 

iDEP has thus far been demonstrated to work with Newtonian fluids only in the majority of the 

reported applications. As many of the biological (e.g., blood, saliva, DNA solutions, etc.) and 

chemical (e.g., polymer and colloidal solutions) fluids exhibit non-Newtonian behaviors, it is 

important and necessary to understand how the fluid rheological properties may affect iDEP. 

This thesis is aimed to investigate experimentally the effects of fluid elasticity and shear thinning 

on the iDEP focusing and trapping of particles as well as the electroosmotic flow pattern in two 

types of microchannels. 

In the first experiment we study the fluid rheological effects on iDEP focusing and trapping of 

polystyrene particles in polyethylene oxide (PEO), xanthan gum (XG) and polyacrylamide 

(PAA) solutions through a constricted microchannel. Such a geometry is the simplest while the 

most often used structure in iDEP microdevices. Particle focusing and trapping in the mildly 

viscoelastic PEO solution are found to be slightly weaker than in the Newtonian buffer. They 

are, however, significantly improved in the strongly viscoelastic and shear thinning PAA 

solution. These observed particle focusing behaviors exhibit a similar trend with respect to 

electric field, which is consistent with a revised theoretical analysis for iDEP focusing in non-

Newtonian fluids. No apparent focusing of particles is achieved in the XG solution though the 

iDEP trapping can take place under a much larger electric field than the other fluids. This is 
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attributed to the strong shear thinning-induced influences on both the electroosmotic flow and 

electrokinetic/dielectrophoretic motions.  

In the second experiment we investigate the iDEP focusing and trapping of polystyrene particles 

in the same three types of polymer solutions in a post-array microchannel. Such a geometry has 

been frequently used to manipulate small particles with submicron and even nanometer sizes. 

The array of posts causes continuous changes in the non-Newtonian fluid properties. Similar 

electroosmotic flow pattern and slightly reduced particle focusing are observed in the PEO 

solution as compared to the Newtonian buffer, which is consistent with the observations in the 

constricted microchannel. The iDEP focusing and trapping of particles in the PAA solution are 

only available when the applied DC field is smaller than a certain threshold value. Both effects 

are, however, weaker than in the buffer solution, opposite to the observations in the constricted 

microchannel. This phenomenon may be associated with the elongation and relaxation of long 

PAA molecules as they are advected through the array of posts. Similar to that in the constricted 

microchannel, the XG solution does not exhibit an apparent iDEP effect on particles in the post-

array channel. Interestingly, electroosmotic flow instability occurs under high DC electric fields 

in the post-array channel only. 
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CHAPTER 1 

INTRODUCTION 

1.1 Aims and Motivation 

Studies in microfluidics are becoming increasingly relevant in today’s fast paced technological 

environment. The last few decades have seen a rapid increase in the implementation of its 

applications in mechanical and biomedical engineering. One of such implementations is in “Lab-

on-a-chip” (LOC) devices [6,7]. The objective of this application is to reduce cost, improve 

effectiveness, and enhance portability by integrating one or more laboratory functions into a chip 

only a few square centimeters or even millimeters in size. A major advantage this presents is the 

availability of similar services in locations where large machines are not accessible [8]. As a 

result of its miniaturized nature, it is more cost efficient and environmentally friendly as lower 

sample volumes are required.  

As research in this area advances, there has been rapid development of a variety of technologies 

to manipulate particles including more established methods based on microfluidics. Particle 

manipulation is often required in many applications such as bioanalysis, disease diagnostics, 

drug delivery and self-cleaning surfaces. Due to the important applications of this area, diverse 

means of particle manipulations are being researched into including hydrodynamic, acoustic, 

optics, magnetic and electrical [9]. The electrical technique is perhaps the first and most robust 

technique for achieving particle manipulation [10]. The transport of fluids and particles by means 

of an electric field is generally referred to as Electrokinesis. Recently, classical concepts under 

electrokinesis are used in detecting pathogens. Coupled with microfluidics for faster diagnosis, it 

has become increasingly relevant in facing today’s challenges such as the COVID pandemic 

[11]. The particle manipulations in question can be discussed in three categories: separating, 

https://www.sciencedirect.com/topics/engineering/square-centimeter
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focusing, and trapping of which the latter two are further discussed in this thesis. Focusing can 

be described as a phenomenon where synthetic or bio-particles align into a single streamline as 

they move. Trapping is also a form of particle concentration; however, it requires a restriction of 

movement from a region of the microchannel [10]. While there have been a number of studies on 

electrokinesis in non-Newtonian fluids [12], the vast majority of them are theoretical (or 

numerical), where various constitutive equations have been used to consider the fluid rheological 

properties [13-15]. Experimental investigations in this direction are fewer. As many of the 

biological (e.g., blood, saliva, DNA solutions, etc.) and chemical (e.g., polymer and colloidal 

solutions) fluids exhibit non-Newtonian behaviors [16], it becomes important to experimentally 

investigate how the fluid rheological properties may affect particle manipulation.  

Thus, the objective of this study is to experimentally investigate the effects of fluid rheology on 

particle focusing and trapping for electric driven flow. This study will help in the design and 

optimization of different microfluidic systems as well as advancement in the theoretical studies 

of non-Newtonian fluids for modelling and simulation purposes.  

 

1.2 Background Information on Particle Manipulation in Microfluidics 

Efficient and controlled manipulation of particles is desirable in fundamental research and 

applications such as disease diagnostics and therapeutics [17, 18], drug discovery and delivery 

[19-21], and biomedical and biochemical research [22-26]. In bio-microfluidics, being able to 

manipulate a single particle or cell allows the observation of subtle differences among individual 

cells which are not discernible at a population level. The advancement of microfluidic 

technologies brings to bear an extensive scope of possibilities for particle manipulation in 

continuous flows which include transportation, separation, trapping and enrichment by utilizing 
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various force fields techniques. These techniques can be classified generally as passive, active or 

combined [27].  

The passive technique makes use of interaction between the particles, microchannel structure, 

and the flow field. An extensively researched method under passive techniques is the Pinched 

Flow Fractionation (PFF) which is used for continuous sizing of particle in microchannel by 

employing the characteristics of laminar flow [28]. Other passive techniques include Filtration 

[29], Micro Hydrocyclone [30], Micro Vortex Manipulation [31], Inertia and Dean Flow 

Fractionation [32], Zweifach-Fung Effect [33] etc.  

The active techniques which typically involves the existence of one or more external force fields 

which interact with the particles in distinct ways depending on the characteristics of the particle 

species includes hydrodynamic [34,35], acoustic [36], electrical [37, 38], optical [39], and 

magnetic [40,41] fields. Also, some nature inspired ideas under this technique have been 

proposed where non-reciprocally beating cilia act to transport fluids and particles in many 

biological systems [42-46] like the transportation of egg cells to the uterus by motile cilia lining 

the inner walls of the fallopian tubes [47,48], or the transportation of mucus and infectious 

agents out of the respiratory tract by motile cilia in the mammalian lung and windpipe 

[48,49]. Continuous flow particle manipulations may also be based on internal forces evolving 

from microchannel topology. Among these types are inertial microfluidics [50], hydrophoresis 

[51], hydrodynamic filtration [52], deterministic lateral displacement [53], insulator-based 

dielectrophoresis [54], etc.  

Electric field forces are the most widely utilized external force fields because of their usefulness 

for manipulation based on a wider range of particle properties like size, charge etc. [55]. It is the 

force field on which this study is based.  
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1.3 Background on electrokinetic flow 

1.3.1 Electro-osmosis 

Electro-osmosis (EO) is a term used to refer to fluid flows caused under the action of an external 

electric field allowing for well-behaved and easily controlled streams. For electric driven flows, 

thin Electrical Double Layers (EDLs) form on channel walls (liquid-solid interface) resulting 

from counter-ions (ions of opposite charge) of aqueous solutions attracted to the opposite and 

intrinsically charged wall surfaces while co-ions (same charge ions) are repelled. The formed 

EDL consists of a closely bound compact (stern) layer and a secondary diffused layer with a net 

charge countering the surface charge because the number of counter-ions exceeds that of the co-

ions close to the surface [56]. These counter-ions are set to motion by applying an electric field 

parallel to the wall. The mobile ions drag bulk liquid in the direction of the electric force 

resulting in electro-osmotic flow. The flow produced possesses a generally uniform velocity 

distribution characterized by a plug-like form unlike the conventional parabolic form in pressure 

driven flows [57] as illustrated in Fig. 1.1. This plug-like profile facilitates the manipulation of 

flow. The resulting electrical potential at the edge of the stern layer is known as the wall zeta 

potential (𝜁𝑤) and serves as an approximation of the potential at the wall itself [58]. The charge 

of microchannel surfaces depends on the pH of introduced aqueous solution. However, for the 

purposes of this study, a negatively charged wall is assumed. The resulting electro-osmotic 

velocity 𝑼𝐸𝑂 can be expressed as follows based on [59]: 

𝑼𝐸𝑂 = −
𝜀𝑓𝜁𝑤

𝜇𝑓
𝑬 = 𝜇𝐸𝑂𝑬  (1.1) 

where 𝜀𝑓 is the real component of fluid permittivity, 𝜇𝑓 is the fluid dynamic viscosity, 𝑬 is the 

electric field and, 𝜇𝐸𝑂 = −
𝜀𝑓𝜁𝑤

𝜇𝑓
 is electro-osmotic mobility. 
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Figure 1.1 Illustrates a theoretical schematic of the electric double layer and resulting 
electroosmotic flow. Positively charged ions are represented as red circles, while negative ions 
are represented as yellow circles. Channel walls are yellow as an indication of their negative 
charge. The dashed line represents the interface of the compact layer and the diffuse layer. Block 
arrows indicate the direction of moving free counter-ions. (A) shows an elevation along the 
channel as viewed from the negative terminal to the positive terminal. (B) show a top view of the 
channel. 

 

1.3.2 Electrophoresis 

Electrophoretic motion is the movement of an electrically charged surface relative to a stationary 

liquid under the action of an applied external electric field [9]. By definition, it operates similar 

to electro-osmosis. By electrophoresis, charged particles migrate toward electrodes of opposite 

charge (in most cases, toward the anode [60]). Particle motion under uniform electric field results 

from the combination of electro-osmosis and electrophoresis. Within a uniform electric field, 

they define the relative motion of particles and electrolytes [61]. It has been observed in most 

electric driven flows that electrophoretic motion opposes electro-osmotic motion: positively 

charged counter-ions migrate in the direction of the electric field while negatively charged 

particles migrate towards the anode. However, it is worth noting that the migration of particles 

toward the anode is mitigated by a similar formation of EDL around them. This causes an 
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overpowering influence of electroosmosis on particles resulting in a net motion in the direction 

of fluid flow along the electric field lines [62]. The resulting particle mobility from 

electrophoresis and electro-osmosis is expressed as electrokinetic mobility, 𝜇𝐸𝐾 according on 

Hawkins et al [59] as follows: 

𝑼𝐸𝑃 =
𝜀𝑓𝜁𝑃

𝜇𝑓
𝑬 = 𝜇𝐸𝑃𝑬  (1.2) 

𝑼𝐸𝐾 = 𝑼𝐸𝑃 +𝑼𝐸𝑂 = (𝜇𝐸𝑃 + 𝜇𝐸𝑂)𝑬 =
𝜀𝑓(𝜁𝑃−𝜁𝑤)

𝜇𝑓
𝑬 = 𝜇𝐸𝐾𝑬  (1.3) 

Where 𝑼𝐸𝑃 is the electrophoretic velocity, 𝜁𝑃 is the zeta potential of the particle, 𝜇𝐸𝑃 =
𝜀𝑓𝜁𝑃

𝜇𝑓
 is 

the electrophoretic mobility and 𝑼𝐸𝐾 is the electrokinetic particle velocity. The opposing signs of 

the component velocities conform to the priorly discussed mechanism of their flow phenomena. 

 

1.3.3 Dielectrophoresis 

Dielectrophoresis (DEP) was first investigated by Herbert Pohl in the 1950s [63]. DEP is the 

motion of a particle, regardless of surface charge, in response to a nonuniform (inhomogeneous) 

electric field (either DC or AC) as a result of the difference in polarizability between the particle 

and the suspending fluid. Dielectrophoretic force is a function of the spatial electric field 

gradient an independent of the direction of applied electric field [64]. Particles are caused to 

move toward the higher (positive dielectrophoresis (pDEP)) or lower electric field intensities 

regions (negative dielectrophoresis (nDEP)) depending on the relative permittivity of particles 

with respect to the surrounding fluid. Particles with relatively higher permittivity are more 

polarizable in comparison with the surrounding fluid and will undergo pDEP whereas particle 

with relatively lower permittivity are less polarizable and will undergo nDEP.  The strength of 
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the force from dielectrophoresis depends on the dielectric properties of both the surrounding 

medium and the particle, on particle shape and size and on the frequency of the applied electric 

field [39]. Dielectrophoresis is widely used for particle trapping [65,66], focusing [1], separation 

[67] and exchange or washing [68]. An induced potential similar to an induced dipole is 

generated with a particle suspended in fluid is subjected to an electric field. The force 

experienced by the particle (𝑭𝐸𝑙𝑒𝑐) due to the electric field can be expressed as: 

𝑭𝐸𝑙𝑒𝑐 = 𝑞𝑬 + 𝒑. 𝛁𝑬 +⋯  (1.4) 

where 𝑞 is the particle net charge and 𝒑 is the dipole force component [69]. For a field of 

uniform electric field (𝛁𝑬 = 0), the higher order terms vanish, leaving only the Coulombic 

interaction force, 𝑞𝑬. However, the presence of the particle generates nonuniformity in the 

electric field causing dielectrophoretic component to persist. Eq. (1.4) is generated from a Taylor 

series expansion, Eq. (1.5) of the electric field, 𝑬(𝑥 + 𝑑) about an arbitrary point, for a particle 

diameter, 𝑑 = 2𝑅, where 𝑅 is the particle radius. 

𝑬 = 𝑬(𝑥) + 2𝑅 ∙
𝜕𝑬

𝜕𝑥
+⋯+

(2𝑅)𝑛

(𝒏!)
∙
𝜕𝑛𝑬

𝜕𝑥𝑛
+⋯  (1.5) 

In cases where particle diameters are sufficiently small against electric field nonuniformity, the 

second term of the expansion is a suitable approximation of the dielectrophoretic component 

under consideration, 𝑬𝐷𝐸𝑃.The dielectrophoretic force, 𝑭𝐷𝐸𝑃, as defined by the second term of 

Eq. 4 can subsequently be expressed as: 

𝑭𝐷𝐸𝑃 = 𝒑. 𝛁𝑬 = 𝒑. 2𝑅 ∙
𝜕𝑬

𝜕𝑥
  (1.6) 

for 
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𝒑 = 4𝜋𝜀𝑓𝑅
3 (

�̃�𝑝−�̃�𝑓

�̃�𝑃+2�̃�𝑓
)𝑬  (1.7) 

Where 𝜀�̃� and 𝜀�̃� are the complex permittivity of the particle and fluid, respectively. From a 

broad perspective, permittivity according to Morgan et al [70] can be expressed as: 

𝜀̃ = 𝜀 − 𝑖
𝜎

𝜔
  (1.8) 

Where 𝜎 is the conductivity,  𝑖 is the imaginary number, and 𝜔 is the angular frequency. 

Depending on conditions of the electric field, the Classius-Mossotti (CM) factor, 𝑓𝐶𝑀, which is 

the term in parentheses in Eq. 7 can be simplified substantially. The Classius-Mossotti relation 

connects the relative permittivity of a dielectric to the polarizability of the atoms or molecules 

constituting the dielectric. For Direct Current (DC) fields and low frequency Alternating Current 

(AC), the CM factor becomes: 

𝑓𝐶𝑀 =
𝜎𝑝−𝜎𝑓

𝜎𝑝+2𝜎𝑓
  (1.9) 

Such that 𝑭𝐷𝐸𝑃 can be reduced to Eq. 1.10. 

𝑭𝐷𝐸𝑃 = 2𝜋𝜀𝑓𝑅
3𝑅𝐸[𝑓𝐶𝑀](𝛁𝑬

2)  (1.10) 

Where 𝑅𝐸[𝑓𝐶𝑀] represents the real component of the Classius-Mossotti (CM) factor. 

 

1.4 Background Information on Non-Newtonian fluids and Rheology 

Classical fluid mechanics were developed for Newtonian fluids. However, the past few decades 

have seen rapid development in the theory of non-Newtonian fluid dynamics. In a broad sense, 

fluids can be categorized as Newtonian and non-Newtonian fluids. Newtonian fluids obey 

Newton’s law of viscosity and possess a constant viscosity independent of shear stress unlike 
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non-Newtonian fluids for which viscosity vary. This categorization of fluids is generally 

represented by a rheological model or correlation of shear stress and shear rate. Whereas the 

relationship between shear stress and shear rate for Newtonian fluids is linear, this relationship is 

non-linear for non-Newtonian fluids. There is a growing importance in the study of non-

Newtonian fluid mechanics for fields concerned with materials whose flow behaviors cannot be 

characterized by Newton’s law of viscosity. 

Skelland (1967) generally classifies non-Newtonian fluids into three groups according to the 

relationship between shear stress and shear rate: (1) time-independent non-Newtonian fluids; (2) 

time-dependent non-Newtonian fluids; and (3) viscoelastic non-Newtonian fluids. Time-

independent non-Newtonian fluids present shear rates unique but non-linear functions of the 

instantaneous shear stress at that point. For time-dependent non-Newtonian fluids, the shear rate 

does not only depend on the shear stress but also on the shearing time or on the previous shear 

stress rate history of the fluid. Viscoelastic non-Newtonian fluids exhibit both elastic and viscous 

properties and show partial recovery upon the removal of the shear stress. This implies that the 

rheological properties will not only depend the shear rate and shear stress relationship but also on 

the recent history of the material [71]. Another way of classifying non-Newtonian fluids is based 

on their flow behavior with regards to increasing or decreasing viscosities with applied shear 

stress. Those who exhibit increasing viscosities with shear stress are referred to as shear-

thickening fluids whereas fluids which exhibit decreasing viscosities with shear stress are 

referred to as shear-thinning fluids (See Fig. 1.2) This study is based on the non—Newtonian 

fluid with characteristics of the latter category. 
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Figure 1.2 (A) Represents a typical shear stress and shear rate relationship for Newtonian and 
non-Newtonian fluids. (B) Represents a typical viscosity and Shear rate relationship for 
Newtonian and non-Newtonian fluids. 

 

Fluid rheological properties are derived from the rheological model and are used to characterize 

the specific way in which flow behaviors occur. [72]. For the purpose of this thesis, two 

rheological properties are considered in the analysis and discussion of results obtained from the 

experiments which are shear-thinning and elasticity. Shear thinning is characterized by the power 

law index, n, which is a dimensionless number. Note that 𝑛 = 1 indicates a Newtonian of Boger 

(i.e purely elastic [73]) fluid. Values of 𝑛 < 1, indicate shear thinning effect (weakly shear 

thinning if 1 > 𝑛 ≥ 0.65 [74]) The fluid elasticity effect is characterized by the elasticity 

number, 𝐸𝑙, which is a ratio of the Weissenberg number, 𝑊𝑖, to the Reynolds number, 𝑅𝑒 [75] 

and is expressed as following: 

𝑅𝑒 =
2𝜌𝑉𝑤𝑐ℎ

𝜂(𝑤𝑐+ℎ)
  (1.11) 

𝑊𝑖 = 𝜆𝛾 ̅ =
2𝜆𝑉

𝑤𝑐
  (1.12) 
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𝐸𝑙 =
𝑊𝑖

𝑅𝑒
=

𝜆𝜂(𝑤𝑐+ℎ)

𝜌𝑤𝑐
2ℎ

  (1.13) 

in which, 𝜌 is the fluid density, 𝑉 is the average fluid velocity inside constriction, 𝑤𝑐 is the 

constriction width, ℎ is the microchannel height, 𝜂 is fluid viscosity, 𝛾 ̅ = 2𝑉

𝑤𝑐
 is the shear rate, and 

𝜆 is the fluid relaxation time. 

The variation of shear thinning fluids with shear rate is determined using the Carreau model: 

𝜂−𝜂∞

𝜂𝑜−𝜂∞
= [1 + (𝜆𝐶𝑌𝛾 ̅)

2](𝑛−1) 2⁄   (1.14) 

where, 𝜂∞ is the viscosity at infinite shear rate, 𝜂𝑜 is the viscosity at zero shear rate, 𝜆𝐶𝑌 is a time 

constant at onset of shear thinning (inverse of shear rate at the onset of shear thinning), 𝑛 is the 

power law index. The constant 2 is used as the fitting parameter based on the Carreau model. 

Viscosities for the fluids used in this study vary with shear rate (𝛾) are obtained using a 

rheometer.  

 

1.5 Thesis Overview 

The objective of this thesis is to experimentally determine rheological properties of non-

Newtonian fluids that affect dielectrophoretic particle trapping and focusing in broad terms based 

on an understanding of how these rheological properties affect electro-osmotic flow patterns. 

The first experiment (chapter 2) involves a single constriction channel. This simple microchannel 

geometry allows for fundamental understanding of the phenomena involved with the study. The 

experiment is run on three non-Newtonian solution with polymer base concentrations that 

produce distinct rheological properties. Electro-osmotic and electrokinetic results from these 

solutions are compared to that from a Newtonian solution. This way a substantive conclusion is 
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made on which rheological properties enhanced or diminished dielectrophoretic effects for 

trapping and focusing of particles. 

A similar experiment is run in a post-array channel (chapter 3) which presents a relatively more 

complex geometry. Polymer structure is expected to play a role directly affecting electro-osmotic 

flow pattern. Consequently, the resulting particle mobility which theoretically is a resultant from 

electroosmosis, electrophoresis and dielectrophoresis should be influenced.  
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CHAPTER 2 

INSULATOR-BASED DIELECTROPHORETIC FOCUSING AND TRAPPING OF 

PARTICLES IN NON-NEWTONIAN FLUIDS IN A CONSTRICTION MICRO-CHANNEL. 

2.1 Background on DEP in Constriction Micro-channel. 

Microfluidic manipulation of particles and cells is a rapidly developing area that facilitates 

solving challenges in the fields of analytical chemistry, bioanalysis, cell biology and clinical 

applications [1,2]. It has been implemented through both passive (e.g., flow induced-inertial [3-

5] and elastic [6-8]) and active (e.g., externally imposed acoustic [9,10], magnetic [11,12] and 

optical [13]) force fields. Insulator-based dielectrophoretic (iDEP) microdevices use insulating 

structures to create electric field gradients for continuous-flow focusing [14,15], trapping 

[16,17], patterning [18], concentration [19,20], poration [21], and separation [22-24] of particles 

and cells. They have, however, been limited to work with Newtonian fluids in the majority of the 

reported applications [25-27]. As many of the biological (e.g., blood, saliva, DNA solutions, etc.) 

and chemical (e.g., polymer and colloidal solutions) fluids exhibit non-Newtonian behaviors [28-

30], it becomes important to understand how the fluid rheological properties may affect the iDEP 

focusing and trapping of particles.    

There have been a number of studies on fluid electroosmosis and particle electrophoresis in non-

Newtonian fluids through microchannels [31]. However, the vast majority of them are theoretical 

(or numerical), where various constitutive equations have been used to consider the fluid 

rheological properties [32-42]. Experimental investigations in this direction are much less. For 

the electroosmotic fluid flow, drag reduction was reported in viscoelastic polyethylene glycol 

[43], polyacrylamide (PAA) [44], and polyethylene oxide (PEO) [45,46] solutions because of the 

wall-depletion layer and/or fluid shear thinning effect. Elastic instabilities were observed in the 
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electroosmotic flow of PAA solution through both a constricted [47,48] and a cross-shaped [49] 

microchannel when the imposed DC electric field reaches a threshold value. They were also 

numerically studied [50,51]. Our group has recently performed an experimental study of the sole 

and combined effects of fluid elasticity and shear thinning on the electroosmotic flow of polymer 

solutions in a constricted microchannel [52]. Fluid shear thinning was observed to cause flow 

circulations in the shear-thinning xanthan gum (XG) solution while fluid elasticity tends to 

stabilize the flow of polyvinylpyrrolidone (PVP), PEO and PAA solutions. 

Our group has also conducted experiments on particle electrophoresis in non-Newtonian fluids. 

Polystyrene particles in the electroosmotic flow of XG solution were observed to migrate 

towards the walls in a straight rectangular microchannel, opposite to the centerline focusing 

effect in a Newtonian fluid [53]. The electrophoretic slip tuned particle migration in an electro-

hydrodynamic flow of PEO solution was found either opposite to [54] or in the same direction 

[55] as that in a Newtonian fluid, depending on the polymer concentration. These observations 

were explained by theoretical [55,56] and numerical [57] analyses. In addition, an unexpected 

oscillation was observed for particles travelling along with the electroosmotic flow of PEO 

solutions in a constricted microchannel [58]. It is, however, absent from particles traveling 

against the electroosmotic flow, which experience a defocusing effect with the increase of DC 

electric field [59]. We present in this work an experimental study of particle electrophoresis in 

three types of non-Newtonian fluids with distinct rheological properties through the same 

constricted microchannel. Our aim is to obtain an improved understanding of how the fluid 

elasticity and/or shear thinning affect the iDEP focusing and trapping of particles. 
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2.2 Experiment 

2.2.1 Experimental Setup 

As viewed from the picture in Fig. 2.1A, the device contains a 1 cm-long straight constricted 

microchannel with the main width and depth of 400 μm and 40 μm, respectively. The two-

dimensional widthwise constriction is located in the middle of the channel and has a 200 μm 

length with a width of 40 μm.  

 

Figure 2.1 (A) Picture of the fabricated microfluidic chip where the constricted microchannel 
and reservoirs are filled with green food dye for clarity; (B) Illustration of iDEP focusing and 
trapping of particles in the constriction region of the microchannel, where the electric field 
gradient-induced dielectrophoretic force, 𝑭𝐷𝐸𝑃 , drives both a cross-stream particle motion, 
𝑈𝐷𝐸𝑃_𝑛, for focusing, and a streamwise particle motion, 𝑈𝐷𝐸𝑃_𝑠, for trapping because it opposes 
the electrokinetic particle motion, 𝑈𝐸𝐾. The background shows the electric field lines and the 
contour for the gradient of electric field squared, 𝛻𝑬2 (the darker the larger magnitude). 

 

Polystyrene particles of 10 µm diameter (Sigma-Aldrich) were used to demonstrate the iDEP 

focusing and trapping. They were re-suspended into three types of non-Newtonian fluids that 

were each prepared in 1 mM phosphate buffer: (1) viscoelastic 1000 ppm PEO solution (𝑀𝑤 = 2 

MDa, Sigma-Aldrich); (2) shear-thinning 1000 ppm xanthan gum (XG) solution (Tokyo 
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Chemical Industry); (3) viscoelastic and shear-thinning 100 ppm PAA solution (𝑀𝑤 = 18 MDa, 

Polysciences). The particle suspension in pure buffer solution was also tested as the control. 

Tween 20 (0.5% v/v, Fisher Scientific) was added to each prepared particle suspension for 

suppressing the particle-wall adhesions. The viscosities of the particle-free non-Newtonian fluids 

were acquired from a cone-plate rheometer (Anton Paar, MCR 302, Graz, Austria) and are 

presented in Fig. 2.2. Other important rheological properties are summarized in Table 2.1. Fluid 

electric conductivities are experimentally measured. The electric conductivity of 10 m 

polystyrene particles was estimated as 4 S/cm from the recommended surface conductance of 1 

ns [69]. The relaxation time, 𝜆, of the PEO solution was obtained directly from Rodd et al. [65]. 

The relaxation time of the XG solution was assumed negligible based on Lindner et al. [66]. The 

relaxation time of the PAA solution was calculated from the reported value of 95 ms for 200 

ppm PAA solution in Poole and Escudier [67] using the following concentration scaling [68],  

 𝜆 ∝ 𝑐0.76  (2.1) 

where 𝑐 is the polymer concentration. 

 

Figure 2.2 Experimentally measured viscosity data (symbols) of the prepared non-Newtonian 
fluids, where the dashed lines show the Carreau model-fitting. 
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Table 2.1. Rheological properties and Weissenberg number for the prepared fluids at 24 C. The 
viscosity values, 𝜂, for the fluids with 𝑛 < 1 were obtained using the Carreau model fitting of the 
measured data based on the electrokinetic particle velocity, 𝑈𝐸𝐾, inside the constriction under 
200 V DC voltage. The positive electrokinetic mobility, 𝑈𝐸𝐾 𝐸𝐷𝐶⁄ , indicates that particles travel 
along with the DC electric field. 

  

Solution 
𝜎𝑓  

(ms) 
𝜂 

(mPa•s) 𝑛 𝑊𝑖 𝑈𝐸𝐾 𝐸𝐷𝐶⁄  
(S/cm) (×10−8 m2/Vs) 

Buffer 190 0 1.0 1 0 +2.0 
1000 ppm PEO 196 1.5 2.34 0.85 0.2 +1.2 
1000 pm XG 250 ~0 9.42 0.36 0 −1.9 
100 ppm PAA 223 56.1 2.24 0.54 10.1 +1.8 

 

2.2.2 Device Fabrication 

The single constriction micro-channels were fabricated using a standard soft lithography 

technique. For the experiments, this technique comprises of a mold made up of a photoresist 

whose shape and form were adapted by a polymer material, Polydimethylsiloxane (PDMS). 

PDMS is a biocompatible, transparent, and inexpensive material. The photoresist mold took the 

shape of the transparent area of a prepared photomask. The photomask was prepared by printing 

the specific geometry drawn using AutoCAD® software on a photomask sheet. Glass slides were 

thoroughly cleaned and uniformly coated with Photoresist (SU-8 25, MicroChem Corp, Newton, 

MA) up to a specific depth of 40 μm utilizing a programmed spin-coater (WS-400E-NPP-Lite, 

Laurell Technologies, North Wales, PA). Each coated slide underwent a two-step pre-bake 

process: 65°C for 3 minutes and 95°C for 7 minutes on two hotplates (HP30A, Torrey Pines 

Scientific, San Marcos, CA). The prepared photomask was layered above the photoresist coating 

on the slide and exposed to UV treatment to create a negative photoresist which adapts the shape 

of the printed geometry on the photomask. UV intensity and exposure time were specific to the 

desired depth. Subsequently, the exposed slide underwent a two-step post-bake process: 65°C for 

1 minute and finally 95°C for 3 minutes. The slides were then developed in an SU-8 developing 
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solution for 5 minutes to dissolve the positive photoresist material rinsed with the finished 

microchannel mold.  

Dried slides with photoresist mold are placed in petri dishes and covered with PDMS. A vacuum 

chamber (13-262-280A, Fisher Scientific, Fair Lawn, NJ) is used to get rid of bubbles which 

may have been created during the preparation and depositing of the PDMS for 15 minutes. The 

PDMS is cured for two hours in a gravity convection oven (13-246-506GA, Fisher Scientific, 

Fair Lawn, 21 NJ) at 70°C. Afterwards, the petri dish is removed from the oven and allowed to 

cool. A scalpel is used to cut and peel the PDMS off the molds. Channel inlet and outlet were 

perforated using a punch of 3/8” diameter to serve as reservoirs. Clean glass slides were plasma 

treated for 1 minute 30 seconds after which the PDMS parts are immediately bonded to the slides 

on the face of the channel impression to produce the microfluidic devices.  

 

2.2.3 Methods 

The prepared particle suspensions were driven through the constricted microchannel using DC or 

DC-biased AC electric fields that were supplied by a function generator (33220A, Agilent 

Technologies) and a high-voltage amplifier (609E-6, Trek). DC voltages of up to 300 V were 

first applied. If no particle focusing or trapping was achieved, DC-biased AC voltages with a 

total root-mean-square (RMS) magnitude of 300 V were then used for enhanced iDEP effects. 

The average electric field through the microchannel was thus limited to a maximum of 300 V/cm 

across the 1 cm long microchannel. Particle motion in the constriction region was recorded using 

a microscope (Nikon Eclipse TE2000U, Nikon Instruments) equipped with a CCD camera 

(Nikon DS-Qi1Mc). The captured images were processed using the Nikon imaging software 

(NIS-Elements AR 2.30). The electrokinetic mobility of particles was determined using the 
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particle tracking velocimetry under 100 V DC voltage. Only particles traveling along the channel 

centerline at a sufficient distance away from the constriction were tracked. Small fluorescent 

particles of 0.5 µm diameter (Bangs Laboratories) were seeded into the prepared non-Newtonian 

fluids to visualize the electroosmotic flow pattern in the constriction region under 100 V DC.   

2.3 Theory 

2.3.1 Dielectrophoresis in non-Newtonian fluids 

The insulating walls of the microchannel squeeze the electric field lines in the constriction region 

as viewed from Fig. 2.1B. Thus, electric field gradients are created locally (see the contour for 

the gradient of electric field squared in Fig. 2.1B), leading to a repulsive dielectrophoretic force, 

𝐅𝐷𝐸𝑃, acting on the suspended particle [26],   

 𝐅𝐷𝐸𝑃 = −𝜋𝑅3𝜀∇𝐄2 = −𝜋𝑅3𝜀 (
𝜕𝐄2

𝜕𝑠
�̂� + 2

𝐄2

ℛ
�̂�)  (2.2) 

where 𝑅 is the particle radius, 𝜀 is the fluid permittivity, 𝐄 is the electric field, 𝑠 denotes the 

streamline direction with �̂� being its unit vector, ℛ is the radius of curvature of the streamline, 

and �̂� is the unit vector in the direction normal to the streamline. Note that we set in Eq. 2.2 the 

so-called Clausius-Mossotti factor to −0.5 considering the electric conductivities of the prepared 

fluids (see Table 2.1) are all much larger than that of the particles. Owing to the electric origin in 

nature, 𝐅𝐷𝐸𝑃 is independent of the fluid rheology. However, the resulting dielectrophoretic 

particle motion, 𝐔𝐷𝐸𝑃, becomes a function of the fluid elasticity and shear thinning as these 

rheological properties have been each demonstrated to affect the drag force on particles in non-

Newtonian fluids [60], 

 𝐔𝐷𝐸𝑃 = −
𝑅2𝜀

6𝜂𝐺𝐷(𝑊𝑖,𝑛)
(
𝜕𝐄2

𝜕𝑠
�̂� + 2

𝐄2

ℛ
�̂�) = 𝑈𝐷𝐸𝑃_𝑠�̂� + 𝑈𝐷𝐸𝑃_𝑛�̂�  (2.3) 
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 𝑈𝐷𝐸𝑃_𝑠 =
𝜇𝐷𝐸𝑃

𝐺𝐷(𝑊𝑖,𝑛)

𝜕𝐄2

𝜕𝑠
 , 𝑈𝐷𝐸𝑃_𝑛 =

2𝜇𝐷𝐸𝑃

𝐺𝐷(𝑊𝑖,𝑛)

𝐄2

ℛ
   (2.4) 

where 𝜂 is the fluid viscosity, 𝑈𝐷𝐸𝑃_𝑠 and 𝑈𝐷𝐸𝑃_𝑛 are the dielectrophoretic particle velocities 

along and normal to the streamline, respectively (see Fig. 2.1B), and 𝜇𝐷𝐸𝑃 = −𝑅2𝜀 6𝜂⁄  is the 

dielectrophoretic particle mobility in Newtonian fluids. We introduce a correction factor, 

𝐺𝐷(𝑊𝑖, 𝑛), account for the fluid rheological effects on the traditional Stokes drag coefficient in 

Newtonian fluids, where 𝑊𝑖 is the Weissenberg number for the elasticity effect and 𝑛 is the 

power-law index for the shear thinning effect,  

𝑊𝑖 = 𝜆𝛾 ̅ =
2𝜆𝑉

𝑤𝑐
    (2.5) 

Here, 𝜆 is the fluid relaxation time, and 𝛾 ̅ = 2𝑉 𝑤𝑐⁄  is the average shear-rate inside the 

constriction with 𝑉 being the local electric field-dependent fluid velocity and 𝑤𝑐 the constriction 

width. 

 

2.3.2 iDEP focusing and trapping 

The cross-stream component of the dielectrophoretic velocity, 𝑈𝐷𝐸𝑃_𝑛, competes with the 

streamwise electrokinetic velocity, 𝑈𝐸𝐾, yielding a particle focusing effect towards the centerline 

of the microchannel (see Fig. 2.1B). Analogous to particle electrokinetics in Newtonian fluids 

under the thin electric double layer limit [61], 𝑈𝐸𝐾 in non-Newtonian fluids may be still viewed 

as the addition of fluid electroosmosis, 𝑈𝐸𝑂, and particle electrophoresis, 𝑈𝐸𝑃, 

𝑈𝐸𝐾 = 𝑈𝐸𝑂 + 𝑈𝐸𝑃 = 𝐺𝐸𝐾(𝑊𝑖, 𝑛)𝜇𝐸𝐾𝐸𝐷𝐶  (2.6) 
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where 𝐺𝐸𝐾(𝑊𝑖, 𝑛) denotes the correction factor for the electrokinetic mobility, 𝜇𝐸𝐾 =

𝜀(𝜁𝑝 − 𝜁𝑤) 𝜂⁄ , as traditionally defined for Newtonian fluids with 𝜁𝑝 and 𝜁𝑤 being the particle 

and wall zeta potentials, and 𝐸𝐷𝐶 is the DC component of the electric field. Note we have 

assumed an identical correction factor for fluid electroosmosis and particle electrophoresis to 

simplify the treatment considering their reciprocal relationship in Newtonian fluids [31]. The 

iDEP focusing effect is measured by the particle velocity ratio, 

   𝑈𝐷𝐸𝑃_𝑛

𝑈𝐸𝐾
=

1

𝐺𝐷(𝑊𝑖,𝑛)𝐺𝐸𝐾(𝑊𝑖,𝑛)

2𝛽(1+𝑟2)𝐸𝐷𝐶

ℛ
  (2.7) 

where 𝑟 = 𝐸𝐴𝐶 𝐸𝐷𝐶⁄  is the AC to DC field ratio (or equivalently, the RMS voltage ratio), and 

𝛽 = 𝜇𝐷𝐸𝑃 𝜇𝐸𝐾⁄ = 𝑅2 6(𝜁𝑝 − 𝜁𝑤)⁄  is the particle’s dielectrophoretic to electrokinetic mobility 

ratio that is independent of fluid rheological properties. For easy references hereafter, we term 

(1 + 𝑟2)𝐸𝐷𝐶 the effective electric field. The second fraction term on the right-hand side of the 

equation characterizes the iDEP focusing effect for particles in Newtonian fluids [26], and the 

first fraction term may become more or less than unity depending on the fluid rheological effects. 

The streamwise component of the dielectrophoretic velocity, 𝑈𝐷𝐸𝑃_𝑠, can counter-balance the 

electrokinetic velocity, 𝑈𝐸𝐾, yielding a particle trapping effect, for which the threshold for the 

effective electric field is given by, 

   (1 + 𝑟2)
𝜕𝐸𝐷𝐶

𝜕𝑠
= 𝐺𝐷(𝑊𝑖, 𝑛)𝐺𝐸𝐾(𝑊𝑖, 𝑛)

1

2𝛽
  (2.8) 

Note the fraction term on the right-hand side characterizes the iDEP trapping of particles in 

Newtonian fluids [26].  

As viewed from Eqs. (2.7) and (2.8), the fluid rheological effects on iDEP focusing and 

trapping of particles are both characterized by the two multiplying correction factors, i.e., 
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𝐺𝐷(𝑊𝑖, 𝑛)𝐺𝐸𝐾(𝑊𝑖, 𝑛) > 1 causes a reduction while 𝐺𝐷(𝑊𝑖, 𝑛)𝐺𝐸𝐾(𝑊𝑖, 𝑛) < 1 enhances. To 

simplify the analysis in the results section, we further assume the wall and particle zeta potentials 

are both independent of the polymer addition, which is common in the theoretical analysis [31-

42]. Thus, the particle mobility ratio, 𝛽, remains identical among the tested fluids, and in turn the 

observed variation in iDEP focusing and trapping can be attributed to solely the influence of 

fluid rheology via 𝐺𝐷(𝑊𝑖, 𝑛)𝐺𝐸𝐾(𝑊𝑖, 𝑛). The inertial effect on particle motion is negligible as 

the calculated particle Reynolds number is much less than 1 in all cases. The estimated values of 

𝑊𝑖 based on the particle velocity inside the constriction under 200 V DC are summarized in 

Table 2.1.  

2.4 Results and discussion 

2.4.1 Newtonian buffer solution 

Figure 2.3 shows the snapshot images for the iDEP focusing and trapping of 10 m particles in 

the buffer solution. The particles are focused into a tight stream along the channel centerline. 

Moreover, the particle stream width gets narrower as the imposed DC voltage increases from 100 

V to 300 V, consistent with the increasing particle velocity ratio, 𝑈𝐷𝐸𝑃_𝑛 𝑈𝐸𝐾⁄ , in Eq. (2.7). 

However, when the DC voltage is partially replaced with AC voltage while their total RMS 

magnitude is fixed, we do not see a continuously enhanced iDEP focusing. This is because 

𝑈𝐷𝐸𝑃_𝑛 𝑈𝐸𝐾⁄  scales with the effective electric field, (1 + 𝑟2)𝐸𝐷𝐶, which is 250 V/cm for 200 V 

DC/100 V AC and 300 V/cm for 150 V DC/150 V AC, respectively. In other words, the iDEP 

focusing effect in these two DC-biased AC cases should be weaker than and equal to that under 

300 V DC voltage, respectively. This analysis is validated by the experimental images in Fig. 2.3 

We further carried out a two-dimensional simulation in COMSOL to track particle trajectories 
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(details are referred to ref. [14]), which predicts the observed particle focusing and trapping 

(under 100 V DC/200 V AC) behaviors with a good agreement.   

 

Figure 2.3 Snapshot images for the iDEP focusing and trapping of 10 m particles in the 
Newtonian buffer solution through the constricted microchannel. The lower halves of the top-left 
and bottom-right images show the numerically predicted particle trajectories. The values of the 
effective electric field, (1 + 𝑟2)𝐸𝐷𝐶, are highlighted on the images for the DC-biased AC cases. 
The block arrow indicates the direction of particle motion. 

 

2.4.2 Viscoelastic PEO solution 

Figure 2.4 shows the snapshot images for the electrokinetic motion of 10 m particles in 1000 

ppm PEO solution. As predicted by the particle velocity ratio, 𝑈𝐷𝐸𝑃_𝑛 𝑈𝐸𝐾⁄ , the observed iDEP 

focusing in the PEO solution increases with the effective electric field, (1 + 𝑟2)𝐸𝐷𝐶. It is, 

however, slightly weaker than that in the buffer solution and a complete iDEP trapping of 

particles is achieved under 90 V DC/210 V AC with an effective electric field of 580 V/cm (vs. 

500 V/cm in the buffer solution). A quantitative comparison of the particle focusing effect 

between these two solutions will be presented in Section 2.4.5 (see Fig. 2.7). Like that in the 
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buffer solution [52], the electroosmotic flow of the PEO solution in Fig. 2.4 exhibits a similar 

pattern to the electric field lines in Fig. 2.1B. We did not observe similar particle oscillation [58] 

or defocusing [59] in our recent works with the same particles in the same microchannel. This 

may be attributed to the 4 MDa PEO solution that is more viscoelastic and more shear thinning 

than the current 2 MDa solution. We will further explore this aspect in future work with PEO 

solutions that have the same concentration but varying molecular weights. 

 

Figure 2.4 Snapshot images for the iDEP focusing and trapping of 10 m particles in 1000 ppm 
PEO solution through the constricted microchannel. The lower half of the top-left image shows 
the experimentally obtained electroosmotic flow pattern with 0.5 m fluorescent particles. The 
values of the effective electric field, (1 + 𝑟2)𝐸𝐷𝐶, are highlighted on the images for the DC-
biased AC cases. The block arrow indicates the direction of 10 m particle motion. 

 

The PEO solution is mildly viscoelastic (0.1 < 𝑊𝑖 = 0.2 < 1) and weakly shear thinning (𝑛 =

0.85) with a viscosity 2.34 times the buffer solution (see Table 2.1). As the electrokinetic 

particle mobility is 60% of that in the buffer solution, we estimate the correction factor for 

electrokinetic motion, 𝐺𝐸𝐾(𝑊𝑖, 𝑛) = 1.4. This latter value seems reasonable considering that 
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fluid elasticity has no significant impact on the electroosmotic fluid velocity [31] while 

decreasing the opposing electrophoretic particle velocity [42]. Thus, the similar iDEP focusing 

and trapping for particles in the PEO and buffer solutions can be attributed to the correction 

factor for the drag coefficient, say 𝐺𝐷(𝑊𝑖, 𝑛) = 0.8, in the PEO solution such that 

𝐺𝐷(𝑊𝑖, 𝑛)𝐺𝐸𝐾(𝑊𝑖, 𝑛) becomes slighter large than 1. This is reasonable as fluid elasticity has 

been reported to reduce the drag coefficient below the Newtonian fluid value [62]. An accurate 

understanding of the observed particle behavior calls for a numerical model that employs an 

appropriate constitutive equation to consider the fluid rheological effect. 

 

2.4.3 Shear thinning XG solution 

Figure 2.5 shows the stacked images for the electrokinetic motion of 10 m particles in 1000 

ppm XG solution, which is against the electric field direction yielding the only negative 

electrokinetic mobility in Table 2.1. Some of the particles are observed to circulate at the salient 

corners of the expansion walls under 100 V DC, and the size of the circulations extends both 

inward and downward as the DC voltage increases. Meanwhile, the rest of the particles simply 

travel through the constriction exhibiting no apparent focusing even under 50 V DC/250 V AC 

(the effective electric field is 1300 V/cm). The XG solution’s inability to achieve iDEP focusing 

seems to be associated with the fluid circulations formed downstream in the constriction, which, 

as illustrated by the electroosmotic flow pattern in Fig. 2.5, is consistent with our earlier 

observation [52]. These fluid circulations tend to draw the particles away from their initial path 

after exiting the constriction, leading to a wider particle stream width because of their own size 

growth. Partial trapping of the particles is observed at the entrance of the constriction under 50 V 

DC/250 V AC. The effective electric field for a complete iDEP trapping in the XG solution 
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should therefore be much greater than the threshold value, 500 V/cm, in the buffer solution (see 

Fig. 2.3).  

 

Figure 2.5 Stacked images for the electrokinetic motion of 10 m particles in 1000 ppm XG 
solution through the constricted microchannel. The lower half of the top-left image shows the 
experimentally obtained electroosmotic flow pattern with 0.5 m fluorescent particles, where the 
arrowed loops highlight the direction of circulations. The dashed-line box on the bottom-right 
image highlights the onset of partial iDEP trapping of particles, illustrated by the stacked and 
snapshot images in the upper and lower halves, respectively. The block arrow indicates the 
direction of particle motion. 

 

As the electrokinetic particle mobility in the XG solution has a similar magnitude to that in the 

buffer solution while the former is far more viscous (9.4 times the latter, see Table 2.1), we 

expect the correction factor for electrokinetic motion , 𝐺𝐸𝐾(𝑊𝑖, 𝑛) = 9, for the strongly shear 

thinning XG solution (𝑛 = 0.36). This value seems possible because the fluid shear thinning 

effect has been reported to increase both the electroosmotic [31] and electrophoretic [39] 

velocities. The fluid shear thinning effect has also been reported to increase the drag coefficient 

above the Newtonian fluid value, i.e., 𝐺𝐷(𝑊𝑖, 𝑛) > 1 [63]. Therefore, we obtain 
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𝐺𝐷(𝑊𝑖, 𝑛)𝐺𝐸𝐾(𝑊𝑖, 𝑛) ≫ 1, which, according to Eq. (2.8), should indicate a strongly elevated 

threshold electric field for iDEP trapping of particles. This analysis is consistent with our 

experiment in Fig. 2.5 as noted above. 

 

2.4.4 Viscoelastic and shear thinning PAA solution 

Figure 2.6 shows the snapshot images for the electrokinetic motion of 10 m particles in 100 

ppm PAA solution, where the strongest iDEP focusing and trapping are observed among the 

tested fluids. Particles achieve a good focusing under 200 V DC and a complete trapping under 

300 V DC (note a partial trapping occurs under 250 V DC). The electroosmotic flow streamlines 

still resemble the electric field lines like in the PEO solution. They are, however, different from 

our recent observation, where a central fluid jet is formed downstream in a more viscoelastic and 

more shear thinning 200 ppm PAA solution [52]. As viewed from Table 2.1, 100 ppm PAA 

solution is strongly viscoelastic (𝑊𝑖 ≫ 1) and shear thinning (𝑛 = 0.54) with a viscosity about 

2.2 times the buffer solution. The electrokinetic particle mobility in this solution is 90% of that in 

the buffer. The estimated correction factor for electrokinetic motion is 𝐺𝐸𝐾(𝑊𝑖, 𝑛) = 2, which 

can be attributed to the fluid elasticity effect like in the PEO solution. Hence, the strongest iDEP 

focusing and trapping of particles in the PAA solution results from the correction factor for the 

drag coefficient, 𝐺𝐷(𝑊𝑖, 𝑛) < 0.5, such that 𝐺𝐷(𝑊𝑖, 𝑛)𝐺𝐸𝐾(𝑊𝑖, 𝑛) < 1. This may be caused by 

the strong fluid elasticity and perhaps the second normal stress difference as well [64], 

necessitating a numerical model with an appropriate constitutive equation for the full rheological 

effects.   
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Figure 2.6 Snapshot images for the iDEP focusing and trapping of 10 m particles in 100 ppm 
PAA solution through the constricted microchannel. The top-right image shows the 
experimentally obtained electroosmotic flow pattern with 0.5 m fluorescent particles. The block 
arrow indicates the direction of particle motion. 

 

2.4.5 Comparison among the tested fluids 

Figure 2.7 compares the experimentally measured widths of the focused 10 m particle streams 

(normalized by the channel width) downstream in the buffer, PEO and PAA solutions. The XG 

solution is excluded from the figure because no apparent iDEP focusing is observed. Note the 

zero-stream width indicates a complete iDEP trapping of particles. As predicted from Eq. (2.7), 

particles in the three fluids experience an enhanced iDEP focusing effect (i.e., smaller particle 

stream width) with the increase of the effective electric field, (1 + 𝑟2)𝐸𝐷𝐶. Moreover, the three 

curves exhibit a similar shape, validating the first and second order dependences on electric field 

for the electrokinetic and dielectrophoretic particle velocities, respectively, in viscoelastic 

solutions. Our experiment tells that fluid shear thinning causes strong disturbances to the 

electroosmotic flow and in turn suppresses the iDEP focusing effect. It also reduces the iDEP 

trapping of particles because of the decreased dielectrophoretic velocity and increased 

electrokinetic velocity. On the contrary, fluid elasticity stabilizes the electroosmotic flow and 

enhances the iDEP focusing/trapping because of the increased electrokinetic and 
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dielectrophoretic velocities. The combination of fluid shear thinning and elasticity may cause an 

enhancement or reduction depending on which effect is stronger.  

 

Figure 2.7 Comparison of the average normalized particle stream width, n=3, (normalized by the 
channel width) for the iDEP focusing of 10 m particles in the tested fluids. Note the zero-
stream width indicates a complete iDEP trapping. 

 

2.5 Concluding remarks 

We have experimentally studied in the same constricted microchannel the electrokinetic motion 

of polystyrene particles in three types of non-Newtonian fluids with distinct rheological 

properties. We have also revised the theory for iDEP focusing and trapping of particles in 

Newtonian fluids by introducing correction factors to account for the fluid rheological effects on 

the electrokinetic and dielectrophoretic motions, respectively. It is found that the iDEP focusing 

and trapping effects in the mildly viscoelastic PEO solution are slightly weaker than in the 

Newtonian buffer solution. They are, however, significantly improved in the PAA solution that is 
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strongly viscoelastic and shear thinning. The measured particle stream widths in the buffer, PEO 

and PAA solutions exhibit a similar relation with respect to the effective electric field, consistent 

with our theoretical analysis. In contrast, no apparent iDEP focusing of particles is achieved in 

the strongly shear thinning XG solution though the iDEP trapping can take place under a much 

larger effective electric field than the other fluids. We have attempted to explain the observed 

particle focusing and trapping behaviors using the introduced correction factors. It is expected 

this experimental work will stimulate more numerical studies in the future. 
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CHAPTER 3 

FLUID RHEOLOGICAL EFFECTS ON STREAMING DIELECTROPHORESIS IN A POST-

ARRAY MICROCHANNEL 

3.1 Background on DEP and electroosmosis in Post-Array Micro-channel 

Today, microfluidic manipulation of particles and cells has garnered significant development due 

its impact in solving challenges in the fields of analytical chemistry, bioanalysis, cell biology and 

clinical applications [1-3]. Its relevance has compelled research into the use of various force 

fields (e.g., externally imposed acoustic [4,5], magnetic [6,7], optical [8], and electric [9]) for its 

implementation. Insulator-based Dielectrophoresis (iDEP) has been widely used in recent times 

to achieve particle manipulation in microfluidic devices mostly in Newtonian fluids. It involves 

the use of insulating structures to create electric field gradients for continuous flow focusing 

[10,11], trapping [12,13], patterning [14], concentration [15,16], poration [17] and separation 

[18-20] of particles. However, many biological (e.g., blood, saliva DNA solutions, etc.) and 

chemical (e.g., polymer and colloidal solutions) fluids demonstrate non-Newtonian behaviors 

making it crucial to understand the effects of fluid rheological properties on iDEP focusing and 

trapping of particles.  

Our group, recognizing the importance of investigations in non-Newtonian fluids, has recently 

performed an experimental study on the sole and combined effects of fluid elasticity and shear 
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thinning on electroosmotic flow and particle manipulation (focusing and trapping) due to iDEP 

in a constricted microchannel [21,22]. Fluid shear-thinning was observed to cause flow 

circulations in the xanthan gum which increase in size with applied DC electric field and 

temporarily trap particles (without the influence of iDEP). Meanwhile, fluid elasticity is 

observed to stabilize flow in Polyvinylpyrrolidone (PVP) and PEO.  iDEP effects for particle 

focusing and trapping are seen to be diminished in the shear-thinning weakly elastic XG solution 

and strongly enhanced in the shear-thinning viscoelastic PAA solution. Weakly elastic, mildly 

viscoelastic PEO exhibit slightly weaker iDEP effects in relation to Newtonian solution. We 

employed the use of correction factors to account for the effects of fluid rheology on particle 

electrokinetic mobility and drag which were supported by the experimentally obtained results.   

Complex geometries can dramatically alter the flow behavior of polymers based on their 

structure. Presently, knowledge on such flow behaviors in porous media are often used with 

polymer solutions for various applications such as oil recovery and groundwater remediation 

[23-25] where polymer solutions are injected through porous medium to displace trapped non-

aqueous fluids from pore spaces to be retrieved downstream. The post-array structure is a type of 

porous medium reported to cause elastic build up which affects fluid flow and particle motion in 

pressure driven flows [26]. This is due to the tortuous nature of the pore spaces which the fluids 

must navigate causing the elongation and contraction of polymer structures. We hypothesize a 

similar effect even with the reduced velocities and shear rates associated with electric driven 

flows such that non-Newtonian fluids under this condition should behave differently in 

comparison to observations in the single constriction channel from our previous work [21,22]. 

We expect that the changes in flow behavior of the polymer solutions should influence the 

manipulation of particles by iDEP forces. 
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3.2 Experiment 

3.2.1 Materials 

The microfluidic device for this experiment is fabricated from polydimethylsiloxane (PDMS) 

using the soft lithography technique. The detailed methodology used is reported in section 2.2.2. 

The device contains a 1 cm-long straight channel with main width and depth of 800um and 50um 

respectively. A 3 x 6 array of circular posts with diameters of 200um are positioned in the middle 

of the channel. These posts are equally spaced at 50um between post circumferences. A 

schematic representation on the microchannel used is shown in Fig. 3.1. Polystyrene particles of 

10um diameter (Sigma-Aldrich) were used to demonstrate the iDEP focusing and trapping while 

florescent polystyrene spheres of 1um diameters (Bangs Laboratories) were used as tracers to 

visualize the flow patterns. These were re-suspended into three types of non-Newtonian fluids 

that were each prepared in 1mM phosphate buffer: (1) viscoelastic 1000 ppm PEO solution 

(𝑀𝑤 = 2 MDa, Sigma-Aldrich); (2) shear-thinning 1000 ppm xanthan gum (XG) solution 

(Tokyo Chemical Industry); (3) viscoelastic and shear-thinning 100 ppm PAA solution (𝑀𝑤 =

18 MDa, Polysciences). Newtonian solutions were prepared by re-suspending these particles in 

pure buffer and served as the controls. Tween 20 (0.5% v/v, Fisher Scientific) was added to each 

prepared particle suspension for suppressing the particle-wall adhesions. The important 

rheological properties are summarized in Table 2.1. 
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Figure 3.1 Picture of the fabricated microfluidic chip where the post-array microchannel and 
reservoirs are filled with green food dye for clarity. The inset is a representation of the 3x6 array 
of circular posts. It illustrates the iDEP focusing and trapping of particles in the constriction 
regions of the microchannel, where the electric field gradient-induced dielectrophoretic force, 
𝑭𝐷𝐸𝑃 , drives both a cross-stream particle motion, 𝑈𝐷𝐸𝑃_𝑛, for focusing, and a streamwise particle 
motion, 𝑈𝐷𝐸𝑃_𝑠, for trapping because it opposes the electrokinetic particle motion, 𝑈𝐸𝐾. The 
background shows the electric field lines and the contour for the gradient of electric field 
squared, 𝛻𝑬2 (the darker the larger magnitude). 

 

3.2.2 Methods 

A function generator (33220A, Agilent Technologies) and a high-voltage amplifier (609E-6, 

Trek) supplied pure DC or DC-biased AC electric fields to drive the particle suspensions through 

the post-array microchannel. The electroosmotic patterns were studied by observing the 

fluorescent tracers as pure DC electric fields are applied up to 500 V. For observations for 

dielectrophoretic particle focusing and trapping, DC voltages of up to 500 V were first applied. If 

no particle focusing or trapping was achieved, DC-biased AC voltages with a total root-mean-

square (RMS) magnitude of 500V were then used for enhanced iDEP effects. The average 

electric field through the microchannel was thus limited to a maximum of 500V/cm across the 1 

cm long microchannel. Electroosmotic flow patterns and particle motion within the post-array 
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region were recorded using a microscope (Nikon Eclipse TE2000U, Nikon Instruments) 

equipped with a CCD camera (Nikon DS-Qi1Mc). Observed images were within a considerable 

period after electric field was applied when steady state was achieved and were processed using 

the Nikon Imaging Software (NIS-Elements AR 2.30). 

 

3.3 Results and discussion 

3.3.1 Newtonian buffer solution 

Figure 2 show super-imposed microscopic images for the iDEP focusing and trapping of 10um 

particle in the Newtonian buffer solution. A total of four particle streams are formed between 

adjacent posts as well as between post and walls. iDEP focusing effect generally increases with 

increasing effective electric field applied which is consistent with our previous results in 

constriction channels as well as theory. It is also observed that particle stream width decreases as 

particles travel streamwise through the rows of posts. This can be associated with the continuous 

repulsion of electrokinetic velocities of particles as they travel through post by constant 

dielectrophoretic forces which push the particles towards the centerline of the streams. Particles 

are not seen to cross between streams in Newtonian fluids. The electroosmotic flow pattern 

corroborates this as it is observed that florescent 0.5um bangs particles do not travel laterally 

between posts (zoomed in images at lower right corner). IDEP particle trapping is not realized 

within the pure DC electric field limits hence the need to apply DC-biased AC electric field. 

Trapping is realized at 100 V DC/400 V AC which has an effective electric field of 1700 V/cm. 

The trapping phenomenon associated with iDEP for post array channels manifest such that the 

particles fall on the post in their direction of motion when electrokinetic velocities are 

completely overwhelmed by dielectrophoretic velocities as observed by Saucedo-Espinosa et al 
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[16]. Experimental results are in good agreement with two-dimensional simulation carried out in 

COMSOL to track particle trajectories. 

 

Figure 3.2 (A) Superimposed images for the iDEP focusing and trapping of 10 m particles in 
the Newtonian buffer solution through the post-array microchannel. Left half images of 1st and 
3rd images (counting from the left) show the numerically predicted particle trajectories. The 
values of the effective electric field, (1 + r2)EDC, are highlighted on the images for the DC-
biased AC cases. (B) Shows the streak images of tracing articles under DC electric fields as a 
representation of the electroosmotic flow pattern of the Newtonian solution. Zoomed in images 
at 300VDC and 400VDC are shown on the right. Block arrows in both cases represent the 
direction of particles in motion. 
 

3.3.2 Viscoelastic PEO solution 

The PEO solution used has weakly sheathinning and midly viscoelastic characterisics. Fig. 3.3 

shows the superimposed microscopic images for the electrokinetic particle motion of 10m 

particles and the electroosmotic flow pattern. Similar trends to the Newtonian case are observed 

with iDEP focusing effect enhancing with increasing applied effective electric field as predicted 

by the velocity ratio, 𝑈𝐷𝐸𝑃_𝑛 𝑈𝐸𝐾⁄ . It is however observed that the iDEP effect is weaker in 

comparison to Newtonian case. Focusing at 500V DC in the PEO solution is not as enhanced as 
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that in Newtonian solutions. Complete trapping occurs at 80V DC/ 420V AC which is at an 

effective electric field of 2285V/cm. The trapping occurrence is the same as for the Newtonian 

case.  

Electroosmotic flow shows a similar pattern to what is observed in the Newtonian flows. We 

hypothesize that this similarity is because the short PEO 2M chain lengths do not generate 

substantial elastic stress build up as they curve with streamlines. The eddies associated with the 

elastic stresses are not observed within the lateral spaces between the posts such that there is no 

transfer of tracer particles between streams. 

These similar electrokinetic and electroosmotic trends of Newtonian and PEO solutions are 

identical to observations made in our previous work with constriction channels where PEO 

solution also showed relatively weaker iDEP effect [22] and visually analogous electroosmotic 

flow pattern [21]. 

 

Figure 3.3 (A) Superimposed images for the iDEP focusing and trapping of 10 m particles in 
the PEO solution through the post-array microchannel. The values of the effective electric field, 
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(1 + 𝑟2)𝐸𝐷𝐶, are highlighted on the images for the DC-biased AC cases. (B) Shows the streak 
images of tracing articles under DC electric fields as a representation of the electroosmotic flow 
pattern of the Newtonian solution. Zoomed in images at 200VDC and 400VDC are shown on the 
right. Block arrows in both cases represent the direction of particles in motion. 

 

The PEO solution is mildly viscoelastic (0.1<Wi=0.2<1) and weakly shear thinning (n=0.85) 

with viscosity 2.34 times the buffer solution (see Table 2.1). Similar trends with our work in 

constriction channels corroborate our estimation of the correction factors regarding equations (1) 

and (2). Based on the lower particle mobility of PEO in comparison to the Newtonian solution, 

we estimated an electrokinetic correction factor as 𝐺𝐸𝐾(𝑊𝑖, 𝑛) = 1.4. This estimation is 

reasonable because while fluid elasticity has insignificant impact on electroosmotic fluid 

velocity, it decreases the opposing electrophoretic particle velocity. The correction factor for the 

drag coefficient is then estimated as 𝐺𝐷(𝑊𝑖, 𝑛) = 0.8, such that the product of both correction 

factors is slightly larger than 1. This accounts for the similar but slightly weaker iDEP focusing 

and trapping effect for particles in PEO in comparison to Newtonian solutions. Our estimation of 

the drag correction factor is validated by the reports claiming fluid elasticity reduce the drag 

coefficient below the Newtonian fluid value [28]. 

 

3.3.3 Shear thinning XG solution. 

Fig. 3.4 shows super-imposed images for the electrokinetic particle motions and electroosmotic 

flow patterns for electric fields applied. Electrokinetic particle motion is from the cathode to the 

anode which is contrary to observations in other fluids for this study. This phenomenon is 

observed in our previous work in the constriction channel. iDEP particle focusing is not 

enhanced with increase effective field applied. Particle circulations are observed within the 
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lateral spaces between posts at low DC electric fields as shown in dashed circles on left image of 

Fig. 3.4A. This is consistent with observations made in the electrokinetic and electroosmotic 

flow patterns for constriction channel and has been reported to be related to fluid shear-thinning 

effects [22,23]. These circulations can be associated with eddies formed as a result of elastic 

stresses generated. The circulations prevent the enhancement of iDEP focusing in XG solution as 

particles are diverted off their trajectory after exiting the constrictions. It is also observed in the 

electroosmotic flow pattern that 0.5um fluorescent particles travel across streams in the XG 

solution. For the electrokinetic experiment, this occurs for 10um Sigma particles at DC electric 

fields of 300 V and above. This can be associated with larger circulations formed at these electric 

fields which are able to trap particles and transfer them into other streams due to the overlap. 

IDEP particle trapping is not realized for the XG solution during the experiment. An interesting 

phenomenon worth mentioning is the apparent flow instability at 400 V DC and above 

characterized by the formation of gels which appear to prevent the motion of tracer particles 

highlighted by dashed boxes in Fig. 3.4. We hypothesize that, despite the weakly elastic nature 

of XG, its long polymer structure generates significant elastic stress build up to create 

instabilities in flow for the electroosmotic velocities at these electric fields. This instability 

occurs at about 5-8 seconds after the 400V DC electric field is applied signifying some sort of 

buildup of the afore discussed stresses. This is corroborated by the electroosmotic flow pattern at 

that electric field where a similar incident occurs at 500VDC. This occurrence cannot be 

associated with enhanced iDEP effect as the manifestation varies greatly from observations in 

the Newtonian and PEO cases. Also, particle circulations are noticed within longitudinal spaces 

between post while particles within streams generally travel toward the anode at 

100VDC/400VAC at low electrokinetic velocities in comparison to the pure 100V DC case 
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without any observed iDEP effect. This is indicative of AC electric fields possibly influencing 

particle mobility in the XG solution. 

 

Figure 3.4 (A) Superimposed images for the iDEP focusing and trapping of 10 m particles in 
the 1000ppm XG solution through the post-array microchannel. The values of the effective 
electric field, (1 + 𝑟2)𝐸𝐷𝐶, are highlighted on the lower part of image for the DC-biased AC 
case. (B) Shows the streak images of tracing particles under DC electric fields as a representation 
of the electroosmotic flow pattern of the Newtonian solution. Zoomed in images at 200VDC and 
300VDC are shown on the right. Block arrows in both cases represent the direction of particles 
in motion. Dashed circles highlight the particle circulations while dash boxes indicate gels 
formations. Dashed arrows indicate the transfer of tracer particles between streams through 
lateral spaces between spaces. 

 

This suppressed iDEP effect in XG solution is observed in our work with constriction channel 

and further corroborates our earlier estimated electrokinetic and drag correction factors of 

𝐺𝐸𝐾(𝑊𝑖, 𝑛) = 9 and 𝐺𝐷(𝑊𝑖, 𝑛) > 1 respectively. Both estimates are reasonable based on reports 

that shear thinning increase both electroosmotic [29] and electrophoretic [30] velocities which 

influence the electrokinetic correction factor. It also increases drag coefficient above the 

Newtonian fluid value such that 𝐺𝐷(𝑊𝑖, 𝑛) > 1[31]. The product of the correction factors, 
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𝐺𝐷(𝑊𝑖, 𝑛)𝐺𝐸𝐾(𝑊𝑖, 𝑛) ≫ 1, which indicate strongly elevated threshold electric field for iDEP 

trapping of particles based on Eq. 2.8. 

 

3.3.4 Viscoelastic and shear thinning PAA solution 

Fig. 3.5 shows the snapshot images of electrokinetic particle motion for PAA solution. 100ppm 

PAA solution has shear thinning (𝑊𝑖 ≫ 1) and viscoelastic (𝑛 = 0.54) characteristics. iDEP 

particle focusing was observed to improve as DC electric field is increased up to 100VDC. 

Beyond this DC electric field, 10um Sigma particles in the PAA solution are seen to coagulate 

within and upstream of the post as an indication of instability. This also occurs in the DC-biased 

AC electric fields applied for DC voltages of 200VDC and above regardless of the AC electric 

field applied. Thus, we deduce this occurrence is dependent on the DC electric field applied but 

independent of iDEP effects. An analogous observation is made regarding the electroosmotic 

flow patterns in PAA solutions where the florescent particles are seen to form blobs as they 

move along the streams at 200VDC. Also, florescent particles are observed to travel across 

streams through lateral spaces between posts indicating the presence of eddies associated with 

elastic stresses. Beyond 300VDC, gels are formed at rates depending on the electric field applied 

in both electroosmotic and electrokinetic observations and prevent the iDEP focusing of 

particles.  We hypothesize that PAA 18MDa presents substantial polymer chain lengths that 

generate normal elastic stress as described in section 3. The instability in PAA realized before 

the influence of the posts can be associated with some kind of predictive effect such that polymer 

chain behaviors within the post array influence strains further upstream. IDEP effects are noticed 

as particle focusing is enhanced from 150VDC/350VAC to 100VDC/400VAC. Particle motion 
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at these electric fields resemble that in PEO and Newtonian case. Trapping occurs at 

50VDC/450VAC with an effective electric field of 4100V/cm. 

 

Figure 3.5 (A) Snapshot images for the iDEP focusing and trapping of 10 m particles in the 
100ppm PAA solution through the post-array microchannel. The values of the effective electric 
field, (1 + 𝑟2)𝐸𝐷𝐶, are highlighted on the lower part of images for the DC-biased AC cases. (B) 
Shows the streak images of tracing particles under DC electric fields as a representation of the 
electroosmotic flow pattern of the Newtonian solution. Zoomed in images at 200VDC and 
300VDC are shown on the right. Block arrows in both cases represent the direction of particles 
in motion. Dashed arrows indicate the transfer of tracer particles between streams through lateral 
spaces between spaces.  

 

The electrokinetic particle mobility of PAA has a similar magnitude to that in the Newtonian 

solution but is 2.24 times more viscous that the latter. Thus, we estimate an electrokinetic 

correction factor of 𝐺𝐸𝐾(𝑊𝑖, 𝑛) = 4, for the shear thinning (𝑛 = 0.54), viscoelastic (1 < 𝑊𝑖 =

10) PAA solution. This is a reasonable estimation as shear thinning effect has been reported to 

increase both the electroosmotic [29] and electrophoretic [30] velocities while viscoelasticity 

decreases the electrophoretic particle velocity [32]. The resulting net effect is an increase in 
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electroosmotic velocity which essentially improves electrokinetic velocities. Fluid shear thinning 

has also been reported to increase drag coefficient [31] while viscoelasticity has contradictory 

effects. The PAA solution exhibits more viscoelastic than shear thinning effects thus an 

estimated drag correction factor of 𝐺𝐷(𝑊𝑖, 𝑛) = 0.6 depicts the overpowering effects of 

viscoelasticity. Therefore, we obtain 𝐺𝐷(𝑊𝑖, 𝑛)𝐺𝐸𝐾(𝑊𝑖, 𝑛) = 2.4, which indicates an elevated 

threshold electric field for iDEP trapping of particles which is observed experimentally. 

 

3.4 Concluding remarks 

We have experimentally studied the electroosmotic flow patterns ad electrokinetic motion of 0.5 

um Bangs florescent particles and 10um Sigma polystyrene particles in three types of non-

Newtonian fluids with distinct rheological properties in the same post-array microchannel. We 

utilize the theory we revised for iDEP focusing and trapping of particles in non-Newtonian fluids 

from our previous work. Generally, this theory has been consistent for our work with constriction 

channels and with post-array channels. However, some interesting phenomena are observed for 

the electrokinetic motion and electroosmotic flow patterns which we hypothesize are correlations 

between the polymer structures and microchannel structure. We discovered that iDEP focusing 

and trapping effects in the mildly viscoelastic PEO solution are slightly weaker than in the 

Newtonian buffer solution for the post-array channel while electroosmotic flow patterns are 

similar between both solutions for the post-array channels. Flow instabilities are observed for the 

shear-thinning and weakly elastic XG solution when DC electric field exceed certain limits. The 

occurrence is consistent with observations in the electrokinetic motion of particles in XG 

solution. No apparent iDEP focusing and trapping of particle is observed which is consistent 

with the constriction microchannel case. Shear-thinning and viscoelastic PAA solutions also 
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exhibits unstable behavior at certain DC electric fields for both electroosmotic flow patterns and 

electrokinetic motion observations. However, iDEP focusing and trapping effects significantly 

weaker than the Newtonian case which is contrary to observations in the constriction 

microchannel. 
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